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1. Motivation 
 
1.1 . Introduction 
 
With the discovery of electrically conducting organic polymers in the late 1970s 
begun the extensive promotion of research in the field of organic semiconductors [1, 2, 
3]. During the 1980s conducting polymers developed as a unique class of systems: 
electronically stable materials, which combine electrical and optical properties of 
metals, semiconductors and insulators with the processing advantage and mechanical 
characteristics of polymers. The discovery of emerging light emitting and 
semiconducting plastic materials in the 1980s gave a new impulse for research and 
development to understand the features of these new complex structures and to find 
technological applications for them. Impressive progress, which was achieved in this 
field in the 1990s, has launched the era of “Plastic Electronics” that is another billboard 
term for organic semiconductor electronics. “Plastic Electronics” technology is 
currently being commercialized and will be followed by a variety of other applications 
of organic semiconductors. 
In spite of extensive investigations, however, in fact, many rather successful 
products based on organic semiconductors were commercially fabricated, but 
fundamental issues of underlying physics are not understood until now. There is 
actually no accepted theory of the charge-carrier transport mechanisms in multilayer 
organic semiconductor structures. The latter is caused in part by lacking reliable 
information on the electronic structure and electric potentials or energy barriers in the 
region of numerous organic interfaces.  
In this thesis results of a series of photoemission and photoabsorption experiments 
on different organic semiconductor interfaces are presented addressing issues of both 
technological and scientific importance of these novel materials. 
 
1.2 . Organic devices 
 
Organic semiconductors have numerous technological applications. They can be 
used as materials to build systems like organic light emitting diodes (OLED) [4, 5, 6], 
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organic field effect transistors (OFET) [7, 8], photovoltaic (PV) cells [9, 10] and other 
semiconductor devices [11]. 
Even though the application range of organic semiconductors is not as wide yet as 
of their inorganic counterparts, there are interesting developments, which point to some 
potential future applications of these materials. Organic materials can reveal insulating, 
semiconducting or even conducting properties. These materials are soluble, can be 
prepared as flexible thin films. They can be deposited onto a large variety of substrates, 
and, what is very important, are low-cost materials. The cost-to-performance ratio is 
illustrated in Fig. 1.1. 
  
 
 
 
 
 
 
 
Fig. 1.1. Cost-to-performance ratio for silicon-based and organic materials. 
Potential applications of organic semiconductors in low-cost products for wide 
new customer markets. 
 
There is a cost gap between traditional materials used in silicon electronics and 
organic materials. On the other hand, there is a small overlap in performance of the 
traditional and novel organic materials. Therefore, the aim of organic electronics is to 
provide low-cost products for new customer markets of high capacities. 
 
1.3 . Performance of organic devices 
 
The mechanism of operation of organic devices, for example OLED (Fig. 1.2), is the 
following: 
(a) injection of charge carriers of different polarities from cathode and 
anode, respectively, into the organic multilayer [metal-organic (MO) 
interface]; 
(b) transfer of charge carriers from one organic layer to another [organic-
organic (OO) interface] and  
GaAs 
  Performance 
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SiC  
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(c) electron-hole recombination and emission of radiation. 
In this kind of organic devices the current has to flow across three interfaces. 
Therefore, characteristics of interfaces, such as: 
(a) injection barriers; 
(b) dipoles at interfaces and surfaces;  
(c) band bending; 
(d) electronic states at interfaces and/or surfaces;  
(e) chemical reaction at interfaces, 
as well as transport properties of charge carriers and morphology of organic films are 
crucial for understanding the performance of organic devices and optimizing their 
efficiency. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.2. Energy diagram of a heterojunction OLED under bias. Electrons (holes) 
are injected from a low (high) work-function cathode (anode) into the electron 
(hole) transport layer. The heterojunction is designed here to favor exiton 
formation and radiative recombination in the electron-transport layer. 
 
Characteristics of functional organic devices depend very much on the electronic 
and geometric structure of the organic thin films and of their interfaces with substrate or 
contacts. They are, of course, related to properties of isolated organic molecules 
influenced by intermolecular interactions and interactions between molecules and 
contacts. These properties determine morphology and atomic structure formation of 
electronic bands and band gaps of the films, band offsets at interfaces, and, hence, the 
optical and electrical parameters of the organic systems. All these properties depend 
very much on numerous combinations of molecules, contacts with substrates, and 
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preparation conditions, which should be studied in order to understand functioning of 
the organic devices and tailor their parameters. 
 
 
1.4 . Interfaces in organics based devices 
 
The electronic structure of MO and OO interfaces is a key aspect of multi-layer 
organic devices such as OLEDs, OFETs and solar cells [12]. Electron and hole barriers 
at MO interfaces and molecular level offsets at OO interfaces between electron- and 
hole-transport layers, or between emitting layers and hole or exiton blocking layers, 
determine carrier injection into organic film and transport across devices, and directly 
affect the performance of these devices. 
Organic electronics has reached the early stages of commercial viability. Personal 
electronic devices incorporating small displays based on OLEDs are now available. Due 
to the amorphous or polycrystalline nature of these materials, and their relatively low 
processing temperatures (<100°C), organic electronics is potentially inexpensive, and 
can be processed on large-area, flexible substrates, such as PET (polyethylene 
terephthalate) or PEN (polyethylene naphthalate) plastics. Organic thin-film 
transistors exhibit performance similar to their amorphous silicon (α-Si) counterparts, 
leading many researches to suggest that OFETs may replace α-Si as the technology of 
choice for active-matrix backplanes. OFETs can be fabricated on flexible, plastic 
substrates that may enable continuous roll-to-roll fabrication. Such techniques can be 
more than one order of magnitude less expensive than traditional batch processing of 
glass-based α-Si devices.  
Many key challenges still remain, however, which are currently hindering wide-
ranging adoption of organic electronics devices. Shortcomings of present-day devices 
include, but are not limited to, poor charge carrier mobility, high contact resistance at 
metal-organic interfaces, poor device stability and a lack of inexpensive pattering 
techniques, which do not degrade the electrical properties of the organic films.  
Recent studies have cited evidence of large source/drain contact resistance in 
OFETs. This resistance may limit the current-carrying ability of the devices, lead to 
underestimates of important device parameters, such as the semiconductor mobility, and 
restrict their utility in active-matrix backplanes, due to the resulting resistor-capacity (R-
C) charging time of an individual pixel. In this thesis, the evidence of contact resistance 
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and its interpretation will be presented and discussed in the context of metal-organic 
interface formation.  
 
1.4.1. Metal-organic interfaces 
 
Recently substantial interest has been focused on the electronic structure of metal-
organic interfaces. The subject of investigations can be classified basically into two 
research areas describing phenomena:  
(a) within thin (few organic molecules) interface layers like energy-level 
alignment due to dipole layer formation and 
(b) extending into thicker region, such as energy-level alignment associated 
with band bending. 
By various groups [12] the dipole layer formation (a) was extensively studied. In 
contrast, the thick layer associated phenomena (b) remain mostly unexplored until now. 
In this thesis the results of our recent efforts to establish entire scenario of formation of 
various single metal-organic interfaces when going from very thin to thick overlayers, 
are reported. Particular attention is paid to different types of doping of the organic 
layers. 
The studied metal-organic interfaces were grown in ultra-high vacuum (UHV) 
conditions as required for organic micro- and nano-device technologies. Note that 
depending on sequence of overlayers deposition, two different types of interfaces 
between organic and metallic layers: 
(a) organic-metal (OM) interfaces and  
(b) metal-organic (MO), (reversed) interfaces, 
which may differ from each other by their electronic properties (see Fig. 1.3), should be 
considered. In spite of general importance of the metal-organic molecular thin film 
(OMTF) contacts [13] there is still no complete microscopic understanding of this class 
of interfaces. This is particularly true for contacts that are prepared by deposition of 
metals onto organic films, while in the reversed case, deposition of organic 
semiconductors onto metals, there has been quite a large number of experimental and 
theoretical studies and some progress recently has been achieved regarding basic 
interfacial properties [14, 15, 16, 17, 18 and references therein]. The former case (metal 
deposition onto organic films) is comparatively less studied [14, 19, 20, 21, 22, 23, 24]. 
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This type of interfaces (MO) was part of the investigations in the course of the present 
thesis. 
Modern thin-film organic devices like OLEDs, OFETs, solar cells include more 
complicated stacked structures, sandwiched between an anode and a cathode, in which 
multiple OM, MO and OO interfaces coexist. The studied MO interfaces can be 
considered as building blocks of these more complicated structures. 
 
 
 
 
 
 
 
 
 
Fig. 1.3. Formation of MO and OM interfaces in UHV conditions. 
 
 
1.4.2. Organic-organic interfaces 
 
Multilayer organic devices contain varieties of specific OO heterojunctions. For 
modeling device behavior, understanding of entire electronic structure at different OO 
interfaces [10] is of highest importance. Thereby, information about molecular level 
alignment is of particular relevance. The latter is illustrated for high-efficiency organic 
light emitting diodes. OLEDs often consist of three functionalized vacuum-deposited 
molecular films, namely, an electron transport layer, a hole transport layer, and an 
emissive layer with a favorable interface arrangement of molecular levels, which ensure 
energetically efficient transport of electrons and holes across boundaries. Additionally, 
hole- or exciton-blocking layers that hinder exciton formation and recombination can be 
formed close to one of the contacts. Reliable functioning of these various blocking 
layers in the device depends on the energy barriers they introduce in the path of the 
carriers.  
In contrast to metal-organic interfaces usually characterized by charge exchange, 
chemical bonds, and chemistry-induced defects, OO heterointerfaces reveal as a rule 
rather chemically inert properties. This can be explained by closed-shell nature of the 
molecules that comprise both constituents of the heterointerfaces. Hence, the molecular 
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level alignment follows the vacuum-alignment rule in a number of cases [25, 26, 27, 
28]. However, some of the OO interfaces exhibit relatively large dipoles. The diagrams 
of organic levels for a series of organic-organic heterointerfaces are summarized in Fig. 
1.4. Among the OO interfaces that evidently do not follow the vacuum-levels alignment 
are CuPc/PTCDA (0.4 eV dipole) [22], PTCDA/Alq3 (-0.5 eV) [29, 30], α-NPD/Alq3 
(-0.25 eV) [30], and BCP/PTCBI (0.4 eV) [26]. Note the dipole value is positive if the 
vacuum level of the second material is located at a higher energy than the vacuum level 
of the first material. Rather simple explanation of the measured dipoles can be found for 
the organic materials with largely distinctive ionization energies and electron affinities 
[31]. For these, so-called donor-acceptor interfaces, a partial charge transfer from the 
low ionization energy constituent to the high electron affinity molecule is expected. This 
model, that also relates to the research in the field of molecular doping [32, 33], can 
successfully be applied for describing the interface dipoles observed between the high 
electron affinity molecule, PTCDA, and the lower ionization energy molecules, CuPc and 
Alq3. It fails, however, to understand the behavior of the PTCDA/α-NPD interface. Given 
that α-NPD has a lower ionization energy and electron affinity as compared to Alq3, this 
junction should reveal a strong dipole. In contrast only a negligible dipole was measured 
at this interface. In particular the three materials: PTCDA, PTCBI, and BCP, leading to 
interfaces with significant dipoles also exhibit limited ranges of the Fermi-energy (EF) 
movement at heterointerfaces.  
Despite OO interfaces are believed to be often chemically inert, in some cases 
they can reveal properties characteristic for metal-organic interfaces. The Fermi energy 
can be "pinned" in the energy gap due to defect or impurity states. Then, the observed 
dipoles, which cannot be understood within the vacuum-level alignment model, can be 
caused by (de)populating of these states in the vicinity of the interfaces. This latter 
charge-transfer consideration is not able, however, to consistently explain the 0.5-eV 
dipole observed at the PTCDA-Alq3 interface, given the above assumption that the 
position of the Fermi level can easily be tuned within the energy gap of Alq3 (Fig. 1.5). 
On the basis of the considered examples one can conclude there is presently no general 
understanding of the dipole formation at the discussed above interfaces. 
As to other OO interfaces, dipole values stretching from 0 to 0.25 eV were found 
for PTCDA/ZnPc (zinc phthalocyanine), PTCDA/ClInPc (chloroindium phthalocyanine) 
[34], CuPc/NPB (naphthyl-substituted benzidine derivative) [35], Alq3/NPB [36], and 
Alq3/TPD [37] systems. There is an evident trend that interface-dipole barriers at OO 
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semiconductor heterojunctions are much smaller than at OM interfaces. At organic-
inorganic semiconductor interfaces the situation may be different. For example, the 
dipole barriers are found to be substantial (magnitude > 0.4 eV) for either of the three 
contacts: a-NPD and CuPc on InP(110) and PTCDA on GaAs(100)  [38].  The 
corresponding energy level-alignments are depicted in Fig. 1.6.  
 
 
Fig. 1.4. Alignment of molecular energy levels at organic-organic 
heterointerfaces [12]. 
 
Following phenomena can be responsible for the obtained differences between 
organic interfaces with other organic and inorganic semiconductors. One of the reasons 
is dangling bonds, which are usually present at the inorganic semiconductor surfaces. 
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Fig.1.5. (a) Fermi-level position relative to the highest occupied molecular orbital 
(HOMO, 0-eV level) or lowest unoccupied molecular level (LUMO) energy versus 
metal work function for six molecular materials. The data points are obtained from 
photoelectron spectroscopy for OM interfaces. Dashed lines correspond to the 
Schottky-Mott limit, while vertical lines give the magnitude of the measured 
interface dipole barriers. (b) Sign and amplitude of dipoles [12]. 
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Fig. 1.6. Energy-level diagram of a-NPD/InP(110), CuPc/InP(110), and 
PTCDA/GaAs(100) interfaces. VBM and CBM denote the valence-band maximum 
and conduction-band minimum, respectively, in the inorganic semiconductor [34]. 
 
These bonds result in much stronger chemical bonding across the organic-inorganic 
interfaces than the bonding between components of the OO heterojunctions. Similar to 
MO interfaces, strong chemical bonding leads to enhanced charge transfer and formation 
of dipoles. Another reason is rather pronounced near-mid-gap EF pinning after deposition 
of almost any ad-atom or ad-molecule onto InP(110) and GaAs(100) surfaces. The 
alignment of EF across these interfaces is, therefore, more constrained than at OO 
interfaces. Last but not least, the energy gaps of all three organics are wider than those 
of the inorganic semiconductors. The ionization energy of GaAs (5.56 eV) is 
considerably smaller than that of PTCDA. Thus, the top of the inorganic valence band 
(VB) is found in vicinity of the lowest unoccupied molecular orbital of PTCDA. The 
electron affinity of InP (4.45 eV) is slightly lower than the ionization energy of CuPc, 
causing possible hybridization of the electronic states followed by charge transfer. At all 
three interfaces, the dipole barriers are formed aiming at realignment of the energy levels 
in order to decrease the mixing and the charge transfer.  
 
1.5 . Electronic properties of organic interfaces and charge-neutrality level  
(CNL) 
 
In spite of many advances that have been achieved in recent years [12], the process 
of energy-level alignment at MO and OO interfaces is not well understood until now. An 
important mechanism operating at these interfaces, which comprises concepts of CNL 
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and induced density of interface states (IDIS) [39, 40, 41, 42], has only recently been 
considered [18, 43] and developed [44]. It was proposed, that the CNL acts as an 
effective Fermi level for the organic semiconductor: It’s partial alignment with the metal 
EF (in case of MO interfaces) or with the CNL of the other organic material (at OO 
heterojunctions) determines the interface properties. The screening at the interface, much 
weaker than in inorganic semiconductors, results in large values of the screening 
parameter (S) and larger energy offsets. The results for several non-reactive OM 
interfaces (PTCDA/Au, PTCBI/Au, CBP/Au, Pentacene/Au and CuPc/Au) show how an 
“intrinsic” electronic density of states (DOS) induced in the energy gap of organic films 
pins the Fermi level near the CNL, even in the absence of chemical reaction or defects. 
Theoretical values for the S parameter, interface dipole and the Fermi energy are in good 
quantitative agreement with experiment. For OO heterojunctions alignment of the CNLs 
of two organic materials gives rise to restoring dipoles, which reduce the initial CNL 
offsets. This approach is able to reproduce a variety of interface dipoles observed 
experimentally. Thus, it can be concluded that the CNL and interface screening are the 
main physical quantities governing the energy-level alignment at these organic 
interfaces. 
 
1.6 . CuPc - archetypal organic molecular semiconductors  
 
Thin films of phthalocyanines (Pc’s), which are archetypal organic molecular 
semiconductors, play an important role among other OMTF’s. They have attracted 
considerable interest because of their biological significance, catalytic properties and 
potential technological applications [1]. In addition, Pc’s demonstrate particularly good 
compatibility with ultra-high vacuum. The vacuum deposition and growth of organic 
multi-layer thin film structures as well as metal-OMTF interface formation carried out at 
UHV conditions became a main base for organic micro- and nano-device technologies 
[14]. Phthalocyanines can successfully be grown as thin, ultra-clean, well ordered films 
on various substrates in standard UHV spectrometers. These films as well as their 
interfaces with other organic materials or metals possess then excellent and well-defined 
electronic properties [1], which can effectively be studied by means of UHV 
spectroscopic techniques. 
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Fig. 1.7. Schematic representation of the molecular structure of CuPc, where the 
central Cu atom is coordinated to four nitrogen atoms. 
 
Fig. 1.7 schematically shows the molecular structure of CuPc. It has a planar 
structure with D4h point symmetry. The molecule consists of the central Cu atom, which 
is surrounded by four nitrogen atoms (pyrrole, N1); four other nitrogen atoms – bridging 
aza (N2); 32 carbon atoms – the pyrrole (C1) and the benzene ones (C2, C3 and C4). 
In the present work, the interface formation between thin films of CuPc and C60 as 
well as between CuPc and a series of deposited on it metals with different work 
functions has been studied applying a combination of experimental methods, 
particularly, high-resolution photoelectron spectroscopy (HR-PES) of valence and core-
level (CL) electronic states and near edge X-ray absorption fine structure (NEXAFS) 
spectroscopy using synchrotron radiation (SR). Changes of electronic structure of thin 
films and chemical interactions at their interfaces upon adlayers deposition were 
followed. 
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2. Experimental methods and techniques 
 2.1.  Introduction 
In this work electronic properties of metal-organic and organic-organic interfaces 
were analyzed mainly with two spectroscopic methods: photoelectron spectroscopy 
(PES) and near edge X-ray absorption fine structure spectroscopy (NEXAFS). While 
NEXAFS provides data on the element-specific angular-momentum character resolved 
unoccupied DOS, by means of photoemission information about electronic structure of 
occupied valence-band and core-level states can be obtained. Low-energy ultra-violet 
radiation is usually used to excite low-lying valence electrons. Therefore, this mode of 
PES is called ultra-violet photoelectron spectroscopy (UPS). To probe much deeper 
laying core levels, X-ray radiation is necessary. Hence, this type of experiments is 
referred to as X-ray photoelectron spectroscopy (XPS). In both modes of PES, 
experiments can be done with laboratory (He lamp or Roentgen tube, respectively) or 
synchrotron radiation sources. NEXAFS studies necessarily require tunable radiation 
and, therefore, should be carried out at synchrotrons.  
In addition to the above spectroscopic studies a complimentary technique to PES 
– Kelvin probe (KP), which allows characterizing independently work functions of 
materials by capacity measurements, was employed. 
 
2.2.  Synchrotron radiation 
 
A kind of light called “synchrotron radiation” was accidentally discovered at the 
electron synchrotron of the General Electric Company, USA, in 1947. Synchrotron 
radiation refers to a continuous band of electromagnetic spectrum including infrared, 
visible light, ultraviolet, and X-rays regions (Fig.2.1). 
Below the principle of arising of synchrotron radiation is described. When 
electrons or positrons are subjected to an acceleration perpendicular to their velocity, 
they begin to travel in a circular path and emit electromagnetic radiation. If kinetic 
energy of electrons or positrons is low as compared to the rest mass energy given by 
mc2 (i.e., when the electron velocity is non-relativistic), the angular distribution of 
the emission is extended over a large range of angles (dipole pattern) as shown in Fig. 
2.2 (a).  
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Fig. 2.1. Spectral regions covered by synchrotron radiation [45]. 
 
However, when their speed approaches the speed of light, the amount of energy 
radiated increases dramatically and relativistic effects cause the pattern to be folded 
into a sharp forward cone with a very small opening angle given by γ-1, where γ=(1-
v2/c2)-1/2 and v is particle velocity [see Fig. 2.2 (b)].  
(a) 
 
 
 
 
 
 
 
 
 
 
Fig 2.2. Angular distributions of radiation emitted by a charged particle 
moving along a circular orbit with low (a) and approaching to the light one 
(b) velocities. In the last case the light is called “synchrotron radiation”. 
 
Many synchrotron centers over the world have been built to produce 
synchrotron radiation: in 80th – second generation storage rings developed as dedicated 
light sources and in 90th – third generation sources with more than thousand times 
increased light brilliance that could be achieved through the accumulation of emitted 
synchrotron radiation using specially designed inserting devices, called wigglers and 
undulators. As an example bird’s eye view and layout of synchrotron-radiation center 
ELETTRA in Trieste is shown in Fig. 2.3 (top panel). The linear accelerator (LINAC) 
speeds up the electrons or positrons to 99.999995% of the light velocity and injects them 
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with energy of 1-2 GeV into the storage ring, where they circulate in UHV pipes for 
several hours. The storage ring is roughly hexagonal in shape and has a circumference of 
about 100 meters. A series of magnets mounted at the ring steers the electrons along 
circular arcs and synchrotron radiation is continuously emitted tangentially to the arcs 
(see Fig. 2.3, bottom).  
 
 
 
 
 
 
 
 
 
Fig. 2.3. Bird’s eye view of synchrotron ELETTRA/Trieste (top); layouts of 
bending magnet and undulator (middle panel) and synchrotron (bottom). 
 
By using superconducting magnets (wigglers) the trajectory of charged particles 
can strongly be bent causing forceful local acceleration and result in very high 
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brilliance of synchrotron radiation. Periodic magnetic structure of undulators built into 
straight sections of a storage ring leads to oscillating motion of particles (Fig. 2.3, 
middle panel) in a way that now the particles can be considered as oscillators with a 
particular own frequency (main undulator harmonic) primarily defined by magnetic field 
and period of undulators. Inharmonicity of undulators results in presence of high-order 
harmonics in the spectrum. In these inserting devices, spectral function of radiation is 
reformed from continuous spectrum characteristic for bending magnets to a series of 
separate harmonics. Such spectral redistribution leads to tremendous increase of photon 
flux within the undulator harmonics at the cost of signals in other spectral regions. 
Therefore, the undulators are especially suited for experiments like angle-resolved 
photoemission (ARPES), where photon beams of high intensity, but fixed photon energy 
should be used. In the case of NEXAFS studies, where tunable light in wide ranges of 
photon energies is required, radiation from bending (dipole) magnets has to be preferable 
applied. In all cases the emitted light is channeled through beamlines to the experimental 
stations where experiments are conducted.  
Experiments using synchrotron radiation attempt to analyze electrons, photons, and 
other particles that are emitted when synchrotron radiation strikes matter. The resulting 
data are then used to deduce the matter’s chemistry, geometry, electronic structure, or 
magnetic properties (see Fig. 2.4.)  
 
 
 
 
 
 
Fig. 2.4. Possibilities for SR users [45]. 
In general main properties of synchrotron radiation are summarized below:  
• High intensity;  
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• Continuous spectrum from bending magnets and wigglers, while a series of 
harmonics from undulators;  
• Excellent collimation;  
• Low emittance;  
• Pulsed-time structure;  
• Polarization.  
As an example, the intensity of synchrotron x-rays is more than  million times higher 
than that of X-rays from a conventional X-ray tubes. Experiments that took a month to 
be completed in laboratory can be done in only a few minutes at synchrotron. With 
synchrotron radiation, molecular structures that once baffled researchers can now be 
analyzed precisely, and this progress has opened up many new research fields over the 
last few years. 
Beside the advantage of the high photon flux, the spectral distribution of 
synchrotron radiation covers a very broad range of photon energies, from microwaves 
to hard x-rays. Thus, synchrotron radiation allows the researcher to choose the desired 
photon energy for the experiment, within the limits set by the monochromator. With a 
proper design of the monochromator it is possible to perform both detailed high-resolution 
ARPES and core-level studies on the same sample. 
Another very important property of synchrotron radiation is its polarization. The 
dipole radiation emitted in the orbital plane of the electron storage ring is linearly 
polarized, with the electric field vector parallel to the plane of the orbit. It is also possible 
to undulate circularly polarized radiation. Light polarization is very useful in many 
spectroscopic and structural experiments for exploring the electronic structure and the 
space symmetry of systems under investigation.  
The conviction that synchrotron radiation is an extremely powerful light source for 
studies in the fields of fundamental and applied science has induced many countries to 
build synchrotron radiation research centers. An excellent example of such a facility is 
the Berliner Elektronenspeicherring für Synchrotronstrahlung (BESSY). 
2.3.  Photoelectron spectroscopy (valence-band and core-level) 
 
The principle of photoelectron spectroscopy is fairly simple [46, 47, 48]. When a 
sample is irradiated by light, photons will be absorbed exciting electrons. If the energy 
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of the photons is sufficiently high, the excited electrons can be ejected into the vacuum. By 
using monochromatic light and by measuring the kinetic energy of the ejected 
photoelectrons information about the electron initial energies is obtained. Usually the 
energy of the photons and the geometry of the photoemission experiment are kept fixed 
while the kinetic energy for the detected photoelectrons is varied. Spectra showing 
the intensity of emitted photoelectrons as a function of energy are then obtained. In 
Fig. 2.5 a schematic view of the photoemission process is shown. 
Due to short mean free path of electrons in solids, photoelectron spectroscopy is a 
very surface sensitive technique. Over the wide photon energy range from ten to several 
hundreds eV the mean free path of electrons is generally less than 10 Å, which means that 
just a few of the outermost surface layers are probed. Photoemission experiments have to 
be performed in an ultra high vacuum chamber. A pressure in the 10-10-Torr range (10-8 
Pa) is required in order to avoid that contaminants from the residual gases in the 
vacuum chamber adsorb on the sample and affect the surface during the measurements. 
 
 
Fig. 2.5. Photoemission spectrum reflecting core-level and valence-band electronic 
structure of a solid [48]. 
Photoelectron spectroscopy is often classified into X-ray photoelectron spectroscopy 
and ultraviolet photoelectron spectroscopy. Radiation in the ultraviolet range that can 
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be obtained at some special photon energies with a gas discharge lamp (e.g. He lamp) 
is suitable for UPS studies of the valence bands. Core-level studies by XPS using X-ray 
tubes, restricted to certain photon energies >1000 eV, is a standard method for chemical 
analysis of solid materials. Being fingerprints of each particular element the core levels 
are very useful for the determination of elemental composition of compounds. Obtained 
with XPS, shifts of the core-level binding energies contain valuable information 
reflecting differences in the chemical environment of the atoms. 
Application of synchrotron radiation has revolutionized the field of photoelectron 
spectroscopy. A synchrotron-light source produces a spectrum of photons in a wide 
range of energies, from far infrared up to X-ray region. By the use of a monochromator, 
photons in a very narrow energy interval can be chosen for the experiment. As was 
discussed above, the advantages of the use of synchrotron radiation for 
photoemission experiments lie in high degree of polarization, tunability of the photon 
energy and high intensity of photon fluxes. The high intensity permits high energy 
resolution as well as high angular resolution, and short acquisition time of the 
spectra. With SR the intermediate energy range between ultraviolet and x-rays, soft 
X-ray region, suitable for studies of surface core-level shifts has become available. 
A way to get information about the surface atomic structure with photoelectron 
spectroscopy is to study the inner electronic levels, the core levels, of the surface 
atoms [49, 50, 51, 52]. The core levels of atoms with different chemical environment, 
surface atoms or atoms with bonds to adsorbed species, can have shifts in their 
binding energies compared to the atoms inside the crystal. The core-level binding 
energy (BE) is the difference between the final-state and the initial-state (ground-state) 
energies. The core-level shift reflects then differences in both the initial state 
(difference in the electron potential) and the final state, which includes the emitted 
photoelectron and the core hole present in the ionized atom. The final-state energies 
are affected by differences in the screening of the created core hole by the 
surrounding electrons. In Si the screening is dielectric and thought to be similar for 
bulk and surface atoms [50]. The core-level shift is then assumed to be mainly an 
initial-state effect, often interpreted in terms of local charge transfer between different 
atoms. 
The surface core-level shifts are usually very small, a few tenth of an eV, which puts 
high demands on the energy resolution of the experimental setup. With synchrotron 
radiation both high resolution and the equally necessary high surface sensitivity can 
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be achieved. The escape depth (mean free path) of the photoelectrons in a solid is 
dependent on their kinetic energy. At a synchrotron, it is possible to tune the photon 
energy and thereby change the kinetic energy of the photoelectrons from a certain 
core level. In this way, and by varying the emission angle of the analyzed 
photoelectrons, it is possible to vary the surface sensitivity and a probing depth of less 
than 4 Å can be achieved. In a simple model the photocurrent emitted from a depth z in 
the crystal can be obtained from: 
I(z) = Io(z)exp(-z/( λcosθ)) 
where λ - is the electron mean free path, dependent on the material and the kinetic 
energy, and θ is the emission angle relative to the surface normal inside the crystal and 
Io(z) stands for intensity distribution of the photoexcited electrons. Since the penetration 
depth of light is usually much larger than the electron escape depth, one can assume that 
Io(z) is characterized by constant value Io. Using a discrete layer model with evenly 
separated layers with a spacing d, and the effective electron escape depth l = λcosθ, the 
formula can be written: 
In = Ioexp(-nd/l) 
where In is the intensity from the nth layer in the crystal. The intensity of the 
outermost surface layer  (n=1) is then related to the total intensity by: 
1-exp(-d/l) 
Diffraction of the photoelectrons can, however, affect the core-level intensities 
considerably. Photoelectron diffraction, selectively enhancing or reducing the emission 
from atoms at different sites, makes unfortunately the concept of escape depth less 
useful in the interpretation of the core-level spectra. The above described formulas 
can, however, be used as a crude test to check if an interpretation of the core-level 
spectra is reasonable or not, and to get a rough estimate of the coverage for certain 
species. 
2.3.1.  Fitting of the spectra  
 
In core-level spectra from semiconductor surfaces the emission from atoms of the 
same type but different chemical environments are usually not clearly separated. 
In order to obtain quantitative information about the core-level shifts and intensities, it 
is then necessary to fit the core-level spectra by different components originating from 
atoms with different core-level energy shifts [52, 53]. A computer program applies a curve 
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simulation procedure that fits theoretical line shapes to the experimental data. The 
theoretical line shape used to fit the core-level data is often a so-called Voigt function, 
i.e. a Gaussian function convoluted with a Lorentzian function. 
The finite core-hole life-time gives rise to a Lorentzian broadening of the core-level 
emission. The components in the measured spectrum deviate from this inherent 
Lorentzian line shape due to contributions from, vibrational (or phonon) broadening, the 
limited experimental resolution and inhomogeneities at the surface giving rise to 
unresolved variations in the shifts. Cooling of the sample, an experimental setup 
providing highest possible energy resolution and carefully prepared well ordered 
samples, can decrease these contributions that often play the major parts in the line 
shape broadening. In the case of metallic systems valence electrons can be excited to 
states just above the Fermi level simultaneously with the core-level ionization. These low 
energy shake up excitations, that are a consequence of the screening of the core hole, 
give rise to an asymmetric line shape that can be represented by a Doniach-Sunjic 
function [54] in the curve fitting procedure. Another contribution in the spectra is the 
background intensity that comes from inelastically scattered photoelectrons and/or 
secondary electrons. 
In the curve fitting procedure the energy position and intensity of each component are 
varied until the χ2 value, the least square sum of the residue, is minimized. The input 
parameters like number of components, widths of the components, spin-orbit split and 
branching ratio, can be varied manually until the optimum fit of the experimental data is 
obtained. In cases where the components are not clearly resolved in the spectrum, the 
parameters are often correlated to each other. Fits of almost the same quality can be 
obtained for different sets of parameter values resulting in different conclusions. The 
parameters must then be chosen with great care in order to get a correct result. Especially 
the line widths of the components are critical parameters. An incorrect line width cannot 
only affect the obtained energy shifts and intensities but also the number of components. 
The width of the Lorentzian line shape is usually assumed to represent the life-time 
broadening of the core level. The Gaussian width is then often used to take care of all the 
other possible broadening mechanisms, such as the experimental resolution, phonon 
broadening and surface inhomogeneity effects, even if the exact line shape resulting from 
those contributions is not known. Previously, the line width has usually been dominated 
by the experimental resolution in core-level studies. The same Gaussian width can in that 
case be used for all the components in the spectrum. Recently, a few new high 
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resolution experimental setups have become available for core-level photoemission 
experiments on semiconductor surfaces, providing a total experimental resolution of less 
than 0.1 eV for the core levels. This better resolution makes it possible to determine the 
core-level shifts much more accurately and to observe previously unresolved shifted 
components. The physical contributions to the line shape broadening become observable. 
These contributions are of course very interesting to study, but they also introduce new 
demands on the curve fitting. New variable parameters are needed in the simulations 
since the line width now can be different for the different components. Deviations in the 
true line-shape from the used Voigt functions may also be important and lead to errors 
in the result of the fitting. 
In order to obtain a reliable conclusion from the fitting of the spectra it is often necessary 
to analyze several different spectra and to check whether the fits are consistent with each 
other. It is also valuable to study spectra recorded at different photon energies and 
emission angles and to look at the variations of the intensities for the different 
components. The change of the surface sensitivity is of great help for the identification of 
the origins of the components, but one must bear in mind that the diffraction phenomena 
may also influence the intensities substantially. 
The result of the simulation, i.e. the number of components, shifts and intensities, can be 
used in a direct way to draw conclusions about the atomic structure of the surface. 
Information about the number of different sites, coordination number, chemical bonding 
and charge transfer for the surface atoms can be obtained. 
 
 
2.4.  Near edge X-ray absorption fine structure (NEXAFS) 
 
Whereas PES proposes an experimental access to the occupied electronic states 
of solids, NEXAFS is a method to characterize materials by probing the unoccupied 
electronic states. NEXAFS is also called X-ray absorption near edge structure, XANES. 
Today, the term NEXAFS is typically used for soft X-ray absorption spectra and 
XANES for hard X-ray spectra. In contrast to inverse photoemission, NEXAFS just 
needs a monochromatically tuneable light source so that such measurements can be 
performed at any synchrotron-radiation source of adequate energy. Due to sharp 
transitions in molecular systems NEXAFS is one of the favourable experimental 
techniques to study organic thin films.  
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NEXAFS is based on the measurements of the X-ray absorption coefficient 
depending on the photon energy hν [55]. Schematically the formation of fine structure of 
the element-specific edge of the absorption coefficient is shown in Fig. 2.6.   
Only sufficient photon energy enables photoexcitation of core-level electrons 
above the Fermi level. After 1×10-13 sec [56] the ionized atom may relax by occupation 
of the core hole with an electron, e.g. from the valence band and the generated energy 
will mostly be absorbed for the vacuum emission of an Auger electron.  
Alternatively the core hole may be filled by the excited core-level electron itself, 
so that the excitation energy may finally be used for the emission of a valence electron. 
Since the final state of this process is the same as the one of the direct photoemission and 
as both mechanisms may happen concurrently, such excitation may result in 
enhancement of the valence-band peaks intensity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.6. Schematic presentation of NEXAFS measurements of a AB 
compound (left panel). NEXAFS spectra corresponding to each component 
of the compound (right panel).  
 
 
  The number of generated secondary electrons follows the X-ray absorption cross 
section [57]. On their way to the crystal surface these electrons undergo multiple 
scattering with other electrons, so that their number is multiplied while their averaged 
energy is reduced. Consequently, from the atomic layers near the surface up to 50-100 Å 
depth low-energy photoelectrons are emitted. For the determination of the absorption 
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coefficient depending on the photon energy two techniques are possible. The integrated 
detection of all emitted electrons (total electron yield) as well as the selective detection 
of electrons of fixed energy (partial electron yield) as a function hν will lead to 
equivalent structures in the spectra [58]. 
Typical NEXAFS experiment measures electron intensity for photon energies beginning 
from the absorption edge till approximately 50 eV beyond the edge energy. Although 
hν’s below the ionization threshold allow electronic transitions into unoccupied 
electronic bands or molecular orbitals, the spectral features are not directly related to the 
unoccupied DOS [59], which can be probed with inverse photoemission. In particular, 
π-conjugated molecular systems [60] exhibit a strong excitonic interaction between core 
hole and electron, so that the transitions show shifted energetic positions in the 
absorption spectra [61]. In case of an inhomogeneous intramolecular charge distribution 
the same electronic transition may even be found as slightly shifted double structures 
[62]. Nevertheless the well-structured molecular absorption spectra are a powerful tool 
for the identification of chemical components and redox-induced changes.  
 
2.5. Resonant photoemission (Res-PE) 
 
 
For interpretation of valence-band peaks of materials with large amount of different 
type of atoms, such as metal phtalocyanines, one can utilize the cross-section variations 
as a function of photon energy [63, 64]. Thereby, one can experimentally evaluate 
contributions to each structure of a valence-band spectrum from different chemical 
entities. Besides, sharp resonant valence-signal enhancements for photon energies 
varying near a core-level threshold may occur. In Refs. [65, 66, 67, 68, 69, 70, 71, 72] 
resonant photoemission was applied for the interpretation of valence-band spectra of 
organic materials. In such a technique the photon energy is tuned in the vicinity of the 
absorption edge and the electron emission may strongly be influenced by interaction 
between direct photoemission and different possible channels of de-excitation of the core 
hole [65, 73]. Fig. 2.7 shows that the resulting PES spectra could be interpreted as 
superposition of   “participator” decay and “spectator” decay contributions [65].  
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Fig. 2.7. Schematic diagram of decay channels following photon absorption: (a) 
direct photoemission; (b) participator decay; (c) spectator decay; (d) normal Auger 
process [65]. 
 
In the participator decay two possibilities should be considered. The first one – 
primary electron excited to an empty state fills itself the core hole and as a consequence 
one of the valence electrons is ejected by the excess energy. The second one – a valence-
band electron fills the core hole and the initially excited electron is now ejected. Thus, in 
both cases the initially excited electron “participates” in an ejection process and gives a 
contribution into the direct photoemission signal, because the kinetic energy of the 
ejected electron in such processes is the same as that of the direct photoemission from 
the valence band. One should note here that the participator channels need localization 
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of the unoccupied molecular orbitals. Indeed in this case the electron initially excited 
into an empty orbital remains in the vicinity of the core hole and is able to participate in 
the further process of electron ejection.  
In the spectator decay, the primary electron does not participate in the further 
process of electron ejection, thus, being only a “spectator”. In this case a valence 
electron fills the core hole and as a result – one other valence-band electron is ejected.  
 
 
 
Fig. 2.8. Res-PE is a result of interference between direct photoemission (left 
panel) and participator de-excitation of the core hole (right panel), which lead 
to the same final state. Probability of transition into intermediate state varies 
dramatically when tuning the photon energy across a core level threshold [74].  
 
Unlike to the participator decay or to the direct photoemission channel, a final state now 
has an extra electron-hole pair. Because of the screening effect of  the spectator electron, 
the kinetic energy of an electron ejected in such process is shifted to higher kinetic 
energy (spectator shift) as compared to kinetic energy of an normal Auger electron.  
We should stress again, that the resonant photoemission is the result of the 
interference between direct photoemission and possible channels of de-excitation of the 
core hole, which lead to the same final state [65] (see Fig. 2.8) It can cause strong 
enhancements of photoemission from the valence states. 
A number of studies show that organic molecules which have π* unoccupied states 
reveal a strong participator decay in addition to the spectator channel [68, 69, 70, 71, 72], 
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whereas molecules with no π* orbitals are characterized by primarily normal Auger decay 
[70]. 
 
2.6. Kelvin probe 
 
One of the experimental methods (complementary to UPS) to determine the work 
function of solids is Kelvin probe [75]. The KP is non-contact, non-destructive, 
extremely sensitive, UHV compatible vibrating capacitor device used to measure the 
work-function difference between a sample surface and a vibrating plate (Fig. 2.9). 
 
 
 
 
 
 
 
 
                               (a)                                                            (b)                                 
 
Fig. 2.9. (a) Vibrating capacitor device and (b) Kelvin equipment (1861). 
 
William Thomson, the renowned Scottish scientist, first postulated the KP 
method in 1861. Thomson was later promoted to the title of Lord Kelvin. Fig. 2.9(b) 
shows his original apparatus. Without electrical contact (Fig. 2.10) the vacuum levels of 
the specimen and the plate are aligned, in contact the Fermi energies have the same level 
causing a dipole layer between the two materials. By applying a balance backing voltage 
the Fermi levels can be shifted back to their initial position, which they had, when the 
specimen and the tasting plate were not in contact and the charge disappeared. The task 
of the KP method is to determine the balance backing voltage. 
 In the KP experiment the plate vibrates very quickly relative to the specimen, 
producing variable capacity between two materials:  
                                             C = ε0A/d =Q/V,                                                         
where: C - capacity, ε0 - permittivity of dielectric, A - surface area of capacitor, d - 
plates separation, Q - charge and V - potential. 
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            (a)                                                  (b)                                       (c)                    
 
Fig. 2.10. Energy-level alignment in Kelvin probe method: (a) without electrical 
contact; (b) in contact; (c) by applying balance backing voltage. 
 
 
 
 
 
 
 
 
 
 
Fig. 2.11. Typical Kelvin probe signal as function of time. 
 
Due to special parameters of the electrical circuit the corresponding changes of 
the dipole charge are too slow and Q remains almost constant. Then, C and measured V 
oscillates in antiphase. Typical V oscillations are shown in Fig. 2.11. Q = 0, 
correspondes to the situation of a balanced backing voltage  
                                                               CV=0.                                                                     
That is only possible if amplitude of V oscillations is zero. So, by measurements of V 
oscillations, backing potential can be determined (Fig. 2.12). This potential corresponds 
to differences between work function of the plate and the specimen.  
 The peak-to-peak output voltage is defined as: 
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                                         Vptp = (ΔV- Vb) RCo ωε sin (ω t + φ),                                        
where ΔV is voltage difference, Vb - backing potential, R - resistance, Co - mean KP 
capacity, φ -  phase angle and ε - modulation index. 
 
 
 
 
 
 
 
 
 
Fig. 2.12. Typical Kelvin probe peak-to-peak voltage as function of backing 
potential. 
 
Some experiments were performed by means of KP method in addition to UPS 
measurements, where it is often difficult to distinguish spectral shifts originating from 
dipole formation and/or band bending from artificial shifts due to sample charging 
and/or photovoltaic effect. 
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3. Experimental stations 
3.1. Photoemission spectrometer (SPECS)  
In laboratory the experiments were performed with a spectrometer (company 
SPECS, see Fig. 3.1), which consists of the following vacuum chambers. Two UHV 
chambers (basic pressure better than 1x10-10 Torr): one for measurements and the second 
one for sample preparation. The third chamber is the fast entry lock. Samples can be 
moved in x, y and z directions and rotated. It is possible to heat samples up to 1000°C 
and cool them down to 20K [76]. The preparation chamber contains Knudsen-type 
evaporators and quartz microbalances.  
 
Fig. 3.1. UNI-SPECS ESCA system with a PHOIBOS energy analyzer. 
 
The UNI-SPECtrometer system (UNI-SPECS) is a high performance ESCA 
system with monochromatic X-ray source FOCUS 500. It is characterized by high 
energy resolution and transmission rate. The overall energy resolution (full width at half 
maximum, FWHM) of the photoemission experiments at room temperature (RT) was 
proved to be 150 meV (UPS) and 350 meV (XPS). 
Main specifications for the UNI-SPECS ESCA system with a monochromator are: 
• Small spot analysis down to 100 µm resolution;  
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• Al K linewidth after monochromatization < 0.3 eV;  
• 2.000 kcps at 0.85 eV FWHM for Ag 3d5/2 and 300 W, Mg Kα;  
• Ultra high-energy resolution of 4.4 meV on Ar 3p1/2 in UPS mode (Ne excitation);  
• Fully automated depth profiling with IQE 12/38 fine-focus ion source; 
• Additional surface analysis techniques optionally: low energy electron  
  diffraction (LEED), Auger electron spectroscopy (AES); 
• Kelvin probe KP-6500 (McAllister) setup. 
 
3.2. Russian-German beamline (RGBL) at BESSY (Berlin) 
 
Some of the results of this thesis were obtained by using different sources of 
synchrotron radiation and different experimental endstations. The main part of all our 
experiments with metal-organic interfaces was carried out at the Berliner 
Elektronenspeicherring für Synchrotronstrahlung, using the station of the Russian-
German beamline [77]. The optical layout of the RGBL is presented in Fig. 3.2. The 
photon flux of the beamline is shown in Fig. 3.3, while a characteristic spot size at the 
sample position is depicted in Fig. 3.4. 
 
 
 
Fig. 3.2. Optical layout of the Russian-German beamline. 
 
In contrast to nowadays mostly employed undulator beamlines, which deliver a 
very high photon flux in form of quasi-discrete spectra, the dipole Russian-German 
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beamline provides rather moderate-intensity radiation with a continuous distribution 
over a wide photon energy range (30 – 1500 eV).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.3. Photon flux at the sample position, estimated from the total photoelectron 
yield of a gold mesh, which is installed behind the refocusing mirror M4, as 
function of the settings of the monochromator. The flux measurements were 
carried out for both gratings: (1200 lines/mm and 400 lines/mm) at an exit-slit 
width of 200 μm and a set of cff values. The data were taken at a storage ring 
energy of 1.7 GeV and are normalized to 100 mA ring current [77]. 
 
 
Fig. 3.4. Size of the light spot at the sample position is about 80 (horizontal) x 20 
(vertical) μm2 FWHM demonstrating low beam divergence and thus small 
aberrations on the optical elements of the beamline [77]. 
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Therefore, this beamline is well suited for NEXAFS measurements and for studies of 
organic materials, which are fragile to a certain extent and can potentially be damaged 
under irradiation. The experimental setup at the Russian-German beamline is equipped 
with an electron-energy analyzer CLAM-4 for photoemission measurements and with a 
total electron yield detector for NEXAFS measurements. 
 
Fig. 3.5. Experimental station at the RGBL with the CLAM-4 analyzer.  
 
The experimental station consists of two chambers (see Fig. 3.5). The upper one is 
the preparation chamber including a LEED optics (AES is also available), quartz 
microbalances, flanges to mount four evaporators (CF35 and CF63), a gas inlet system, a 
wobble stick, an ion gun, a few windows and a manipulator. Thin films can be deposited 
in-situ from Knudsen cell-type evaporators. Surfaces of bulk samples can be prepared 
by: (a) cleaving; (b) sputtering; (c) heating up to 2000°C; (d) scraping. The quality of the 
surfaces can be checked with LEED and Auger spectroscopy. Samples can be mounted 
on a manipulator with 4 degrees of freedom. It is possible to perform low-temperature 
experiments with closed-cycle He refrigerator. The lower chamber is used for 
measurements and is equipped with the electron-energy CLAM-4 analyzer. The 
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experimental station is mounted on a rotatable platform that allows to perform angle-
resolved experiments in the range 0-40° by turning the whole set up (except the sample). 
 
3.3.  BEAR beamline at ELETTRA (Trieste) 
 
Part of the experiments with MO semiconductor interfaces presented in this 
thesis was performed at the BEAR beamline [78] at ELETTRA (Trieste). Optical layout 
of the BEAR beamline is presented in Fig. 3.6. 
 
 
 
Fig.  3.6. Optical layout of the BEAR beamline at ELETTRA. 
 
The apparatus is based on a bending magnet as a source. The beamline optics 
delivers photons from 5 eV up to about 1600 eV with selectable degree of ellipticity. 
The UHV endstation has a movable hemispherical electron-energy analyzer and a set of 
photodiodes to collect angle-resolved photoemission spectra, optical reflectivity and 
fluorescence yield, respectively. The photoemission/scattering geometries can be chosen 
with a wide flexibility due to moveability of the detectors within the UHV chamber. 
The experimental station (Fig. 3.7) includes the two UHV chambers – the 
preparation and characterization (main) chambers, coupled to each other in UHV. The 
first chamber is for preparation of surfaces, interfaces and multi-layers and their in situ 
electronic and structural characterization. Samples can be inserted from the atmosphere 
and moved to the different stations of the preparation and characterization chambers 
[UPS and AES, LEED, evaporation/deposition, scanning tunnelling microscopy (STM)] 
and transferred to/from the spectroscopy chamber according to the scheme of sample 
transfer shown in Figure 3.7.  
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Fig. 3.7. Experimental station of the BEAR beamline at ELETTRA. 
 
The spectroscopy chamber features optical reflectivity and optical absorption 
[extended X-ray absorption fine structure (EXAFS), NEXAFS], as well as electron 
spectroscopies including band mapping by photoemission, high resolution core-level 
photoemission and photoelectron diffraction. 
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4. Electronic structure of CuPc: Experiment and theory 
 
4.1. Introduction 
  
Pc films grown under UHV conditions possess well defined electronic properties 
[1] which can be characterized by means of standard modern UHV techniques. The 
information obtained by such techniques is of crucial importance for understanding the 
underlying physics and numerous applications in electronic or optical devices and their 
optimization. Consequently, the knowledge of the electronic structure of the pristine 
OMTFs is an essential point in order to understand in detail all aspects concerning 
formation of metal-organic, organic-organic semiconductor interfaces, modification of 
organic semiconductor properties by impurity doping etc.  
In this work we have studied the occupied electronic structure (valence band) as 
well as unoccupied electronic levels of CuPc molecules and CuPc thin films using a 
combination of near-edge X-ray absorption fine structure spectroscopy and 
photoemission as well as ab initio quantum-chemical calculations, which have been 
carried out by V. Maslyuk (Martin-Luther-Universität at Halle-Wittenberg). Schematic 
drawing of the molecular structure of the CuPc molecule, where the central Cu atom is 
coordinated to four nitrogen atoms, together with its brief discussion were already 
presented in section 1.6. The calculated electronic structure is compared with the results 
obtained by valence-band PES and by resonant photoemission. This has given us 
opportunity to assign the VB features with high reliability.  
 
4.2. Experimental and computational details  
 
The PES and NEXAFS experiments were performed at BESSY using the soft 
X-rays provided by the high energy resolution Russian-German dipole beamline [77]. 
The detailed description of the beamline as well as of the experimental station with the 
CLAM-4 analyzer for photoemission studies and the total electron yield detector for 
NEXAFS measurements can be found in section 3.2. 
As substrate, we used a (100) surface of a gold single crystal. The surface was 
prepared by repeated sputtering and annealing cycles, after which a 5x20 surface 
reconstruction was observed in LEED patterns (see Fig. 4.1).  
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(a)            (b) 
 
Fig. 4.1. LEED images taken at 36 eV (a) and 42 eV (b) from clean 
Au(100)5x20 surface after  repeated sputtering and annealing cycles.   
 
The formation of the 5x20 superstructure characterizes the Au(100) surface as 
very clean and highly ordered [79, 80]. Indeed, no remaining contamination was 
detected in the core-level photoemission spectra. The CuPc film was deposited in a 
sample preparation chamber (base pressure of 2.5x10-10 Torr) directly connected to the 
analyzer chamber. The deposition rate, monitored by quartz microbalances, was 1-2 
Å/min. The pressure during deposition was kept at about 2x10-8 Torr. The core-level 
photoemission spectra indicated clean CuPc films without traces of contamination. The 
organic film thickness (d) was evaluated from the attenuation of the Au 4f7/2 emission 
intensity (kinetic energy Ekin of ~ 502 eV and ~ 989 eV) recorded from the clean 
Au(100) surface (I*) and after CuPc film deposition (Id) and using the Beer-Lambert 
equation: Id = I* e-d/(λcosθ), where λ denotes the escape depth of the analyzed electrons, 
and θ is the emission angle, relative to the sample surface.  
The escape depth of the electrons with Ekin ~ 502 eV and ~ 989 eV in our 
organic CuPc films was evaluated according to Ref. [81] to be about 17.1 Å and 24.0 Å, 
respectively. In this work of Seah/Dench the empiric formula to determine the mean 
free path length λ[Å] is presented: λ = (49 E -2 KIN(sub) +0.11 E 1/2 KIN(sub) )/ρlayer, where 
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EKIN(sub) is the kinetic energy of the electron exited from the substrate and ρlayer the 
density of the organic layer in units of g/cm3. The density of organic semiconductor 
CuPc (ρCuPc = 1.61 g/cm3) is taken from Ph.D.-thesis of T. Schwieger [82]. The layer 
thickness, determined with equation: d = - λ ln (Id/I*), is true for a normal electron 
detection from the sample and layer-by-layer growth of the deposited film, the 
formation of islands of organics on the substrate will cause an undestimation of the 
overlayer thickness. 
 The CuPc films used for our studies were about 70 Å thick, which is large 
enough to minimize contributions from the gold substrate in the PES spectra, and not 
too thick to reveal charging effects. The PES measurements were carried out in normal 
emission geometry with photon energies of 110 eV for the VB experiments, 280.0-
296.3 eV for the measurements across the C 1s edge and 396.3-407.1 eV for the studies 
close to the N 1s edge. The overall energy resolution (FWHM) accounting for the 
thermal broadening was 130 meV for photon energy of 110 eV and about 200 meV for 
photon energies of 280-410 eV. The soft X-ray absorption spectra were recorded in a 
total electron yield mode and normalized to the incident photon flux. The resolution for 
the NEXAFS measurements is determined solely by the performance of the beamline 
and was varied from 80 meV to 90 meV FWHM when going from the C 1s (~283 eV) 
to the N 1s (~400 eV) threshold, respectively. The acquired spectra were energy 
calibrated using the C 1s → π* and N 1s → π* ionization spectra of CO2 and N2 gases 
[83]. Both in the PES and NEXAFS experiments the photon incidence angle was 
selected to be 35° relative to the normal to the sample surface. The Fermi level position 
in the spectra was determined by measuring the Fermi edge and/or the Au 4f7/2 emission 
from a gold foil cleaned by ion bombardment in electrical contact with the CuPc film 
[84].  
Spin-resolved electronic structure calculations were performed by V. Maslyuk 
for the single molecule by using the linear combination of atomic orbitals (LCAO) 
formalism based on density functional theory and realized in the CRYSTAL code [85]. 
The three parametric Becke+Lee-Yang-Parr (B3LYP) exchange-correlation functional 
[86] was chosen for calculations. It corrects the self-interaction error inherent in local 
density and generalized gradient approximations by mixing the exact Hartree-Fock 
exchange with the generalized-gradient-approximation (GGA) exchange functional. The 
electron subsystem was described with 6-311+G** basis sets for C, N and H atoms [87] 
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and frozen core SBKJC basis set for copper [88]. The atomic coordinates of the CuPc 
molecule were optimized by using a modified conjugate gradient algorithm [89].  
 
4.3. Filled states: Results and discussion  
 
Fig. 4.2 (a) shows the experimental photoemission VB spectrum taken at normal 
emission from a thin (70 Å) CuPc film (circles) together with the calculated spectra of 
CuPc molecules (thick and thin lines).  
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Fig. 4.2 (a). Circles: PES of the VB of the CuPc film (70 Å) grown under UHV 
conditions on a clean Au(100) surface (normal emission, hν = 110 eV). 0 eV of the 
energy scale corresponds to the Fermi level of a clean gold foil in electrical contact 
with the CuPc film. Thick/thin line: calculated valence-band spectrum of isolated 
CuPc molecules, after application of a Gaussian function to each calculated state 
with a FWHM equal to ω=1.0/0.01 eV. Note, the calculated DOS is the sum of the 
density of states for both spin-channels. 
 
In order to align the spectra the first occupied peak was shifted to the binding energy 
position of the experimental peak arising from the highest occupied molecular orbital. 
To ease the comparison, a broadening of the calculated VB states has been carried out 
by application of a Gaussian function to each calculated state. This procedure takes into 
account solid state, lifetime effects and instrumental broadening. The spectral weight of 
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a state was obtained as the occupation number multiplied by the photo-ionization cross 
section [90] for each state at photon energy hν = 110 eV. 
The experimental photoemission spectrum (ω=1.0 eV) is in good agreement with 
previous data of the same system taken at different [91] as well as at similar [92, 93] 
photon energies. Note, that the photoemission spectra acquired at nearly the same 
photon energies are almost identical for different CuPc film preparations: grown on 
Au(100) surfaces at about 100°C (present work), on Si surfaces at room temperature (α 
phase) or after subsequent annealing at 300°C (β phase) [93]. 
A B C
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Fig. 4.2 (b). CuPc molecules and calculated charge distribution (red) contributing to 
corresponding peaks of the valence band (as labeled) [continued from 4.2(a)]  
 
The CuPc films prepared in the present work were found to be highly ordered 
with CuPc molecules lying on the single crystalline substrate, id est the organic 
molecular plane is parallel to the substrate surface [94, 95], while α and β phases, as 
prepared on Si surfaces in Ref. [93], show strong deviation of the CuPc molecular plane 
orientation from the substrate surface plane.  
The fact that the PES spectra for different CuPc thin films and those from the 
gas phase CuPc [96] are practically identical provides clear evidence that the CuPc 
electronic structure is hardly modified by inter-molecular interaction in the solid states. 
This confirms that the molecule-molecule interaction in the molecular crystal is 
predominantly of van der Waals type [93]. Therefore, the measured spectra and the 
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calculated ground-state molecular orbitals can be interrelated. Fig. 4.2 (b) shows the 
charge distribution (red) characteristic for the corresponding peaks of the valence band. 
The correspondence is indicated by the labels. In this way we obtain a proper 
assignment of the different VB peaks.  
In this work we did not concentrate our attention on magnetic properties of the 
system. Therefore, every curve of the total DOS is a sum of spin-up and spin-down 
densities of respective species. As seen in Fig. 4.2 (a) the HOMO (labeled with A) is 
mainly comprised of the spectral weight from the wave functions of carbon pyrrole C1 
atoms (see Fig. 1.7). Additional contributions to the HOMO stem from the benzene 
atoms C3 and C4. The second feature (peak B) has a more complicated structure, 25 
eigenstates contribute to it. The analysis of molecular orbitals allows to separate them 
into three independent groups. The first two groups situated in the same energy range 
from -2.55 to -3.77 eV reflect contributions from hybrid Cu (dxy) and N1 (px, py) orbitals 
as well as benzene and pyrrole π states. Note that only spin-up part of the Cu (dxy) 
orbital is occupied. There is a large charge transfer (0.7 electrons per atom) from Cu to 
pyrrolle N and strong hybridization between d orbitals of Cu and p orbitals of N occurs. 
Therefore every state with predominant N1 p character induces charge density at the Cu 
atom and vice versa. The calculated magnetic moment on Cu is equal 0.57 μB, and on 
every N1 atom it is 0.1 μB. Similar results were obtained in previous theoretical studies 
[93]. The third group arises from σ bonding orbitals between bridging aza N2 and 
pyrolle C1, with main contribution from the nitrogen atoms. Moreover, these σ bonding 
states are also present in the peak C with energy around -5 eV. In general, the π orbitals 
from pyrolle, σ bonding orbitals of benzene and 3d orbitals (dz2, dxz, dyz, dx2-y2) of Cu are 
mainly contribute to structure C. There, like for higher energy features, the d orbitals are 
hybridized with p orbitals of N1 atoms. Features D, E and F (Fig. 4.2) arise from 
emission from states of aromatic benzene and pyrolle rings.  
In summary, we have given so far the qualitative assignment of different VB 
structures establishing contributions of various atomic species as well as sites of the 
CuPc molecule to the electronic DOS. A deeper understanding of valence-band peaks of 
materials with a number of different atomic species, such as metal phtalocyanines, can 
be achieved utilizing cross-section variations as a function of photon energy [63, 64]. 
Thereby, one experimentally analyzes the contribution of different chemical entities to 
spectral features. This is particularly true for strong, resonant valence states 
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enhancements at photon energies near a core-level threshold of excitation. The resulting 
PES spectra will be interpreted as the superposition of direct photoemission, participator 
and spectator decays, which was discussed in details in section 2.5.  
Now we consider the results of investigations of the valence-band electronic 
structure by means of resonant photoemission over the ranges of photon energies from 
280.0 to 296.3 eV and from 396.3 to 407.1 eV for the C 1s and N 1s thresholds, 
respectively. Considerable resonant increase of the VB emission at both edges is 
observed that is discussed in terms of the wave-function character of the VB states and 
the spatial distribution of the empty molecular states. 
The top panels in Figs. 4.3 and 4.4 demonstrate the NEXAFS spectra obtained at 
the N 1s and C 1s absorption edges. Red circles on the curves indicate specific photon 
energies, at which representative valence-band PES spectra were taken. As it was 
already shown for CuPc thin films [95, 97] and for SnPc [98] the rather sharp peaks 
marked by numbers 5, 11, 16, and 18 in the top panel in Fig. 4.3 are due to the 1s - π* 
transitions at N sites in different chemical environments. Other higher energy features 
(above 404 eV) are related to the N 1s - σ* excitations. They are very broad, if 
compared to the first four peaks, because of the wider density of states and the short life 
time of the corresponding excited states. Analogously, the sharp peaks marked by 
numbers 4, 8, 11, 15 in the top panel in Fig. 4.4 can be attributed to the C 1s - π* 
transitions, while further higher energy features (above 290 eV) are related to the C 1s - 
σ* excitations. 
Typical resonant photoemission spectra of CuPc thin films obtained by tuning 
the photon energy from 393 to 415 eV across the N 1s absorption edge and from 280 to 
299 eV across the C 1s edge are depicted in the bottom panels in Figs. 4.3 and 4.4 
respectively. The valence-band spectra taken at photon energy of 110 eV are presented 
in the bottom of these panels for comparison. The accurate description of the NEXAFS 
and Res-PE spectra requires complex many-body theory. Nevertheless, it is possible to 
make a qualitative interpretation of the processes by combining experimental spectra 
and information from quantum-chemical calculations. 
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Fig. 4.3. Spectra from pristine CuPc film of 70 Å thickness, deposited on a 
Au(100) surface under UHV conditions. Top panel: N 1s NEXAFS spectrum. 
Bottom panel: valence-band spectra, recorded at excitation photon energies around 
the N 1s → π* resonance. The bottom VB spectrum was recorded using hν = 110 
eV. 
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Fig. 4.4. Spectra from pristine CuPc films of 70 Å thickness, deposited on a 
Au(100) surface. Top panel: C 1s NEXAFS spectrum. Bottom panel: valence- 
band spectra, recorded at excitation photon energies around the C 1s → π* 
resonance.  The bottom VB spectrum was recorded using hν = 110 eV. 
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First, examination of the VB spectra in Fig. 4.3 shows resonant enhancement of 
the sharp VB spectral feature B (3.7 eV binding energy) as hν is varied across the first 
N 1s - π* excitation, which is marked by 5 in the N 1s NEXAFS spectrum. According to 
our wave-function analysis, in this energy range two types of states are situated, the 
occupied dxy orbital of Cu with induced density on px, py orbitals of pyrrole nitrogen and 
π* states of aromatic rings, whereas the contribution of pyrolle rings dominates. 
Consequently, the resonant behavior at 3.7 eV binding energy (peak B, Fig. 4.3) is a 
result of an excited electron decay from the π* pyrrole states into the core N 1s states. 
Simultaneously in the same region of photon energies, where resonant enhancement is 
observed, an intense hump appears at higher binding energies, which is assigned to 
spectator decay. Further increasing the photon energy leads to disappearance of the 
resonant enhancement. 
Thus, we have observed the contributions from both participator and spectator 
decay processes. Participator decay has the same final state as direct photoemission and, 
thus, causes enhancement of feature B, while the spectator decay produces the wide 
hump at higher binding (lower kinetic) energies. The fact that feature B in the VB 
demonstrates resonant behavior when the photon energy is tuned across the first peak of 
the NEXAFS spectrum discloses sufficiently localized character of the involved 
unoccupied π* state. Moreover, according to [99] this state has significant nitrogen 
character, confirming the assignments of the VB features above. Note, that we did not 
observe any noticeable enhancement of photoemission intensity at further tuning of the 
photon energy (above the value corresponding to the first N 1s - π* excitation) that 
indicates that all other empty π* states have rather delocalized character. Indeed, only 
Auger transitions located at binding energies higher than 9 eV were measured in this 
region of photon energies. Regarding the HOMO peak, we cannot draw any conclusion, 
because the N 1s core-level emission excited by second order light overlaps the HOMO 
signal.  
We turn now to the discussion of the C 1s – π* data. From a detailed inspection 
of Fig. 4.4 (bottom panel) one can see weak enhancement of peak B (marked in Fig. 4.4 
by dashes circles) at photon energies corresponding to the first three sharp maxima of 
the related NEXAFS spectrum (4, 8 and 11). According to [99] the first maximum of 
this NEXAFS spectrum corresponds mainly to transitions from C 1s core-levels of 
aromatic carbon (C3 and C4) into empty π* states, while the following two features are 
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predominantly assigned to transitions from pyrolle carbon C1 or benzene carbon C2 into  
π* states. Besides, the valence-band spectra reveal growth of signal C (6 eV binding 
energy) at photon energies corresponding to C 1s electron excitations from all carbon 
atoms into unoccupied states. This reflects significant contributions of carbon sites to 
the valence-band feature C in agreement with Fig. 4.2. Here, again we cannot draw any 
conclusions about the behavior of the HOMO overlapping in energy with the C 1s core-
level excitations by the second order light of the monochromator.  
 
4.4. Empty states: Results and discussion  
Fig. 4.5 shows the NEXAFS spectra at the C 1s (solid), N 1s (dash-dot-dot) and 
Cu 2p (dash) absorption edges recorded from a CuPc film (≈ 70 Å) at an X-ray incidence 
angle of θ = 35o.  
First we discuss the NEXAFS spectra taken at the C 1s and N 1s absorption 
edges. It is well established that for a planar system, which is the case for CuPc, the 1s -
 π* and 1s - σ* transitions take place for the electric field vector of the incidence light 
oriented perpendicular and parallel to the molecular plane, respectively. Taking this into 
account it was shown [97], that the rather sharp peaks A’, A, B, and C in Fig. 4.5, 
observed in the region between 283 and 290 eV, can be assigned to the C 1s - π* 
transitions into unoccupied orbitals at C atoms in different chemical environments. The 
higher-energy structures, above 290 eV, are related to the C 1s - σ* transitions. These are 
very broad, if compared to the A’-C peaks, mainly because of the short lifetime of the 
corresponding excited states.  
Analogously, the sharp peaks A, B, C and D for N 1s (dash-dot-dot line) 
excitation threshold in Fig 4.5, in the energy interval between 398 and 405 eV, are 
attributed to the N 1s - π* excitations, while higher energy features - above 405 eV, are 
associated to the N 1s - σ* transitions, in agreement to previous reports for CuPc thin 
films [95, 97] and the related SnPc [98]. 
Now we consider the NEXAFS spectra at the Cu 2p absorption edge recorded 
from a CuPc film in the 930 eV – 940 eV photon energy region (Fig. 4.5, dash line). As 
a matter of fact, the Cu 2p absorption edge consists of two similar spectra separated from 
each other by nearly 20 eV, which are due to the spin-orbit splitting of the Cu 2p level: 
Cu 2p3/2 and Cu 2p1/2. Here we show and discuss only the part related to the Cu 2p3/2 
core-level  excitations. 
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Cu 2p absorption data taken from thick CuPc films have been reported previously 
[100] and an interpretation of the data based on density-functional theory approach has 
been carried out [101]. The CuPc Cu 2p3/2 spectrum of pristine CuPc film (Fig.4.5) 
exhibits the main feature A and some satellite structures prior to the continuum.  Peak A 
is attributed to the electron transitions from the copper Cu 2p3/2 level to the in-plane 3dx2-
y2 state. A rather small peak at 935 eV has been tentatively attributed to the 2p – 4s 
transition, whereas the asymmetric feature D (7-8 eV above the main peak) has been 
assigned to orbitals that are perpendicular to the molecular plane. Nevertheless the origin 
of peak D has not been completely identified yet.  
 
930 932 934 936 938 940
398 400 402 404 406
284 286 288 290 292
 Cu 2p
 
 
 
Binding Energy (eV)
In
te
ns
ity
NEXAFS
A'
A
B C
D
 N 1s
 
296 298 300 302 304
SC-2
hν=600 eV
 
CuPc C-1
C-2
S
C-1
 C 1s
 Photon energy (eV)
In
te
ns
ity
 (a
rb
. u
ni
ts
)
 
Fig. 4.5 NEXAFS spectra recorded at room temperature from a thick CuPc 
film (≈ 70 Å) at the C 1s (solid line), the N 1s (dash-dot-dot line) and Cu 2p 
(dash line) absorption edges. The shown regions are dominated by 
transitions into π* orbitals, which are perpendicular to the plane of the 
molecule. All spectra are aligned in energy. The alignment procedure is 
explained in the text. The inset represents the results of fitting of the C 1s 
core level of a pristine CuPc film, performed in [92]: C-1 corresponds to the 
aromatic carbon of the benzene rings, while C-2 is attributed to the carbon 
linked to nitrogen (pyrolle carbon).  
 
The inset in Fig. 4.5 depicts the fitting results of the C 1s photoemission core 
level of pristine CuPc film, performed in [92], where a film of 70 Å thickness was 
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deposited on Au(100) single crystal under UHV conditions, as in the present paper. The 
fitting of the C 1s spectrum confirms previous conclusions [102, 103] that the C 1s core-
level comprises two components: C-1 which corresponds to the aromatic carbon of the 
benzene rings of CuPc, and C-2 shifted by 1.4 eV toward higher binding energy which is 
attributed to the carbon linked to nitrogen (pyrolle carbon). This energy shift results 
from the charge redistribution between carbon and nitrogen atoms. Besides, each 
component has an additional satellite contribution (SC-1 and SC-2), which are not of 
relevance for the discussion here but very useful for NEXAFS spectra analysis. 
The result of the energy-scale alignment of the C 1s, N 1s and Cu 2p NEXAFS 
spectra is shown in Fig. 4.5. We use the binding energy differences between the C 1s (C-
2 component), N 1s, and Cu 2p core levels obtained by means of XPS (see Tab. 4.1) 
This approach is based on the assumption that the electron-hole interactions are similar 
for the photoemission from all three core levels. For the NEXAFS experiments, similar 
final-state effects are supposed for the core excitations from different atoms to the same 
upper level (i.e. antibonding orbital). 
 
Core levels 
Energy (eV) 
C 1s (C-2) N 1s Cu 2p 
XPS: Binding energy (eV) 286.0 399.0 932.1 
NEXAFS: Excitation energy (eV) 285.4 398.5 932.0 
 
Tab. 4.1 Comparison of the excitation energy of the main line in the C 1s, 
N 1s, Cu 2p NEXAFS spectra with the binding energy of XPS C 1s, N 1s 
and Cu 2p spectra, where C-2 is attributed to the carbon linked to nitrogen 
(pyrolle carbon).  
 
 
One can see amazing coincidence of the energy positions of peaks A, B, and C, 
recorded at the C 1s absorption edge, with the positions of the corresponding peaks at 
the N 1s excitation threshold. This observation suggest that the A, B, and C related 
empty states seen in the C 1s and N 1s absorption spectra originate from the same π* 
orbitals found with finite probability at the pyrolle carbon and nitrogen atoms linked at 
each other by C-N bonds. Nevertheless we cannot neglect the possibility of contribution 
of π* states related to C-C bonds in these peaks as well as the possibility of the Cu-N1 
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bonds contribution in peak A. Note, that the orbitals located on benzene rings are mostly 
delocalized and their contribution is more diffuse and not visible in the spectra. Thus we 
can assume that the A, B, and C features of photoabsorption spectra at the C 1s edge are, 
in general, the result of the electron transition from the C-2 component of the C 1s core 
level (inset in Fig. 4.5). The A’ component in the C 1s NEXAFS spectrum is shifted by 
about 1.1 eV toward low photon energies relative to the A structure. Since a similar 
energy shift is observed for the C-2 component relative to the C-1 component in the C 1s 
XPS spectra to assign the A’ feature to the electron transition from the C-1 level to the 
π* states at the same benzene rings. It is interesting to remark, that the A’ NEXAFS 
structure is less intense than the A structure, whereas the spectral weight of the C-1 XPS 
component is higher than the C-2 signal. In addition to the discussion above, one can 
notice that the A peak of the Cu 2p edge after the energy-scale alignment coincides 
pretty well with the peak A corresponding to the C 1s and N 1s transitions. This fact 
provides evidence that the lowest unoccupied state of central Cu atom participates in 
hybridization with C-N bonds of pyrolle rings. 
The precise theoretical investigation of excitation processes is a very difficult 
task and in most cases needs to use many-body theory. But for qualitative analysis of 
low-lying unoccupied states it is possible to use the ground-state quantum chemical 
calculations [104]. The electronic density of states of CuPc molecule is shown in Fig. 
4.6. One can see a rather good agreement between the experimental photoemission 
spectrum and the calculated DOS (Fig. 4.6, upper panel) where every electronic state 
was smeared out with a Gaussian function with 0.5 eV FWHM. Here, we did not 
consider magnetic properties of the system. Therefore, the DOS depicts a summarized 
electron density for both spin channels. The projection of DOS (PDOS) onto atomic 
species (bottom in Fig. 4.6) allows us to analyze the main feature of NEXAFS spectra.  
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Fig. 4.6. Upper panel: density of states of CuPc molecule and PES spectrum. The 
eigenvalues are smeared out with a Gaussian function. Thick/thin line corresponds 
to half width of Gaussian ω=0.5/0.01 eV. In the bottom, the projected DOS onto 
atomic species are shown. Every curve corresponds to summarized density of states 
for both spin channels. Zero of the energy scale corresponds to the Fermi level of 
clean gold foil in electrical contact with the CuPc film. 
 
First of all, the calculated DOS has three well distinguishable features in the 
region of the empty states (I, II, and III in Fig. 4.6) like in NEXAFS. Spatial distribution 
of these states is depicted in Fig. 4.7. By using information about wave functions and 
PDOS we can identify features in all NEXAFS spectra. Feature I reveals contributions 
from two electronic states. One is a double degenerate π* state from benzene and pyrrole 
rings and second one corresponds to spin-down unoccupied dx2-y2 orbital of Cu and px/py 
orbitals of N1. This confirms our assignment of peak A in NEXAFS of Cu 2p to the 
transition 2p → dx2-y2 orbital. Then we also can identify the first feature in the  N 1s 
NEXAFS as superposition of transitions from 1s to both π* state stemming from pyrrole 
rings and bridging aza nitrogen and px/py orbitals of pyrrole nitrogen creating bond with 
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Cu. Thereby, taking into account that the contribution of nitrogen atoms in the second π* 
state is much smaller than in the first one we assume that the first 1s - π* transition is 
dominating while the second transition leads to an asymmetric lineshape of peak A (Fig. 
4.5, dash-dot-dot line). Note, these two states are shifted from each other by 0.4 eV. As 
was written before, the PDOSs carbon atoms contribute only in the first transition 
resulting in feature I. Therefore, the nature of the fine structure of A (A and A’) can be 
described by transitions from the two C 1s core-level states (C-1 and C-2) to the π* 
orbitals. 
Feature II of DOS corresponds to the π* states, which can be assigned to the 
orbitals located on pyrrole and benzene. Therefore, the B feature in the C 1s NEXAFS 
describes the transition from the core-level states to states related mainly to C-C and to a 
degree to C-N bonds, whereas peak B in the N 1s NEXAFS corresponds to excitations to 
the π* pyrrole states (C-N bond). The same situation is encountered for C feature 
(related to states III in DOS) in both the C 1s and N 1s NEXAFS. The calculations show 
that the second feature on the Cu 2p NEXAFS spectra corresponds to the 2p - 4s 
transition.  
 
 
 
           I                   II                      III 
  
Fig. 4.7. Spatial distribution of unoccupied states corresponding to I, II, and III 
DOS features. 
 
In Fig. 4.7 we present the distribution of the unoccupied states (blue) on the CuPc 
molecule for the corresponding structures in the unoccupied DOS and the NEXAFS 
spectra, respectively. This gives a detailed picture of the wave functions and can help in 
the future to identify particular changes of the electronic structure of CuPc upon for 
instance doping or functionalization. 
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4.5. Conclusions 
 
In this chapter we have presented results of our studies of the occupied 
electronic structure (valence band) as well as the unoccupied electronic states of copper 
phthalocyanine by means of NEXAFS, photoemission, as well as resonant 
photoemission spectroscopy.  
The experimentally obtained valence-band features and empty electronic states 
of CuPc are in very good agreement with ab initio density of states results, allowing the 
derivation of detailed site specific information. 
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5. Electronic properties of organic-organic interfaces: CuPc/C60 
and C60/CuPc 
5.1. Introduction 
Interest in organic-organic interfaces arises from nanostructured hybrid 
materials, which are studied with the aim to develop reliable bottom-up strategies for 
further miniaturization of optoelectronic components and to explore size-dependent 
quantum effects to tailor the electronic, optical and chemical properties of novel 
nanoassemblies [105, 106, 107, 108]. 
We have shown already (see section 1.4.1) that significant progress in the 
understanding of metal-organic interfaces [12, 14, 15, 16, 17, 109, 110, 111, 112] was 
recently achieved. Considerably less is known about organic semiconductor 
heterojunctions. Here we shortly summarize the state of understanding of these 
interfaces described earlier in section 1.4.2. The energy level offset at such interfaces 
was studied for two cases: (i) when one of the organic components is doped [113, 114, 
115, 116, 117] and (ii) both of them are undoped (intrinsic) [12, 26, 31, 35, 37, 118, 
119, 120]. So far there is no consensus about interpretations of these experimental 
results. For instance, some authors have inferred that there is vacuum-level alignment in 
organic guest-host systems achieved by free Fermi-level movement in the intrinsic 
organic components, which is in contrast to rather large interface dipoles found for 
interfaces between pairs of also intrinsic organic semiconductors. 
In general, the observed energy shifts of electronic states at interfaces of organic 
semiconductors can be caused by intrinsic properties of the interfaces, as well as by the 
method of measurement, like final-state effects in PES [91] or the consequence of finite 
organic film thicknesses [121]. The intrinsic contributions are usually described in 
terms of an electrostatic interface dipole (Δ) in a rather narrow region of the contacts 
since in most cases band bending is very small as a result of the very low density of 
intrinsic charge carriers [122, 123]. Recently, the formation of interface dipoles at 
interfaces with organic semiconductors has been modeled applying a weak 
chemisorption approach and introducing the charge neutrality levels in the organic 
systems [44].  
In the present study interfaces between copper phthalocyanine and the fullerite 
have been prepared by deposition of one of these materials on top of the other and vice 
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versa. Such organic heterointerfaces are often used in organic devices as parts of diodes 
or solar cells [124, 125, 126, 127]. We have investigated the electronic properties of 
these interfaces using photoelectron spectroscopy and the Kelvin-probe technique. It is 
shown that both interfaces, CuPc/C60 and C60/CuPc, are non-reactive, i.e. the formation 
process is characterized by physisorption only. The sequence of film deposition does 
not affect the electronic properties of the grown junctions. Strong energy shifts of the 
vacuum level occurring at very low coverages disclose the formation of an interfacial 
dipole layer with corresponding electron- and hole-injection barriers. 
 
5.2. Experimental details 
 
The X-ray and ultraviolet photoemission experiments were performed using an 
ultra-high vacuum system SPECS (see chapter 3.1).  
An argon-ion sputtered, clean polycrystalline gold foil was used as a substrate to 
grow both interfaces (CuPc/C60 and C60/CuPc). The cleanliness of the substrate surface 
and of the deposited films was checked using core-level X-ray photoelectron 
spectroscopy. Copper phthalocyanine and C60 films were grown via step-by-step 
evaporation of the respective materials (Syntec GmbH) onto the substrate kept at room 
temperature. Deposition rates calibrated with the quartz microbalance were set to 0.3 
Å/min and 0.1 Å/min for CuPc and C60, respectively. After each CuPc or C60 deposition 
step, C 1s, N 1s, Cu 2p, and Au 4f core-level and valence-band photoemission spectra 
were acquired in the normal-emission geometry in order to follow changes of the 
electronic structure upon formation of the interfaces. Simultaneously, the work 
functions of the grown systems were determined from the UPS data as well as by 
means of the Kelvin-probe technique. The Kelvin-probe sensor was calibrated using a 
reference gold sample. 
The energy scale for the XPS measurements was calibrated to reproduce the 
binding energy of the Au 4f7/2 core level (84.0 eV). The UPS data were corrected 
accounting for contributions of He Iβ and He Iγ satellites (see SPECS User’s Manual of 
UV-Source UVS 300). It was assumed that these contributions amount to 1.8 % (He Iβ) 
and 0.5% (He Iγ) of the He Iα intensity and have the same line shapes as the He Iα 
signal. The He Iβ- and He Iγ-derived subspectra were shifted relative to the He Iα 
spectrum toward lower BE’s by 1.87 eV and 2.52 eV, respectively, and then subtracted 
from the latter. Thicknesses of the deposited films monitored with the quartz 
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microbalances were further controlled measuring XPS intensities of the substrate peaks 
attenuated by the overlayers. According to Ref. [81] the escape depth of the electrons 
with kinetic energy of Ekin ~ 1402 eV (Au 4f7/2 excitation with Al Kα radiation) in our 
organic CuPc films was evaluated to be about 28.6 Å with the empiric formula of 
Seah/Dench: λ = (49 E -2 KIN(sub) +0.11 E 1/2 KIN(sub) )/ρlayer (where EKIN(sub) is the kinetic 
energy of the electron exited from the substrate and ρlayer the density of the organic 
layer in units of g/cm3) and with the density ρCuPc = 1.61 g/cm3 [82] and ρC60 = 1.65 
g/cm3 [128]. The layer thickness can be determined with equation: d = - λ ln (Id/I*), 
where I* - emission intensity recorded from the clean gold surface and Id - emission 
intensity after CuPc deposition, in the case of normal electron detection from the 
sample and layer-by-layer growth of the deposited film. 
The C 1s XPS spectra were least-squares fitted in order to analyze contributions to 
the photoemission signal stemming from the CuPc and C60 components. The fitting was 
performed applying the Win-Fit-Program [129]. The spectra were simulated with a 
series of Lorentzian line shapes convoluted by a Gaussian to account for the finite 
experimental resolution. Integral (Shirley) background was applied to remove 
contributions of inelastically scattered electrons. The spectral line shapes related to the 
bare CuPc and C60 photoemission signals remain virtually unchanged at all stages of 
deposition. 
5.3. Experimental results and discussion 
5.3.1. XPS spectra of C60/CuPc and CuPc/C60 interfaces 
 
Selected C 1s core-level photoemission spectra recorded for various CuPc 
coverages on C60 are shown in Fig. 5.1(a), whereas those taken for a series of C60 
deposition on CuPc are depicted in Fig. 5.1(b). The results of the least-squares fit 
analysis (solid lines through the data points and individual subspectra) are also 
presented. All spectra are normalized to their correspondent maximum intensity. The 
binding energy scale is related to the Fermi-energy position acquired for the 
polycrystalline gold substrate.  
The bottom left spectrum in Fig. 5.1(a), taken from a 3.2-nm thick C60 film freshly 
deposited on the gold foil, is composed of the C 1s main line and π−π∗ shake-up 
structures caused by kinetic energy losses of the photoelectrons due to simultaneously 
excited π−π∗ transitions from the occupied to unoccupied molecular orbitals [130]. The 
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line shape of the C60 C 1s spectrum was simulated with five peaks (main peak at 284.9 
eV BE and shake-up structures at 286.8 eV, 288.8 eV, 290.0 eV, and 290.9 eV BE). The 
bottom left spectrum in Fig. 5.1(b) was recorded from a 52 Å thick CuPc film grown on 
the gold substrate. For CuPc, the C 1s spectrum reveals three distinctive features. 
According to previous studies [131] (see also section 6.31), four excitations contribute 
to this C 1s intensity. These excitations are due to the carbon of the aromatic rings (C-1) 
and pyrrole carbon linked to nitrogen (C-2) as well as their π−π satellites: SC-1 and SC-2, 
respectively. Correspondingly, the CuPc C 1s core-level photoelectron spectrum was 
fitted with four peaks located at 284.7 eV (C-1), 286.1 eV (C-2), 286.5 eV (SC-1), and 
288.1 eV (SC-2) BE.  
 
                           CuPc/C60                                                       C60/CuPc                 
288 286 284 288 286 284
C
1s
 in
te
ns
ity
 (a
rb
. u
ni
ts
)
Binding energy (eV) 
3.2 nm
 C
60
 thickness
C
60
0.3 nm
0.4 nm
0.5 nm
 
0.7 nm
 
1.6 nm
C-1SC-2
C-2
S
C-1
 
CuPc
2.7 nm
1.1 nm
-288 -286 -284 -288 -286 -284
 
5.2 nm
 thickness
CuPC
 
C
60
7.7 nm
Binding energy (eV)
C
60
0.2 nm
C
1s
 in
te
ns
ity
 (a
rb
. u
ni
ts
)
0.4 nm
0.5 nm
0.6 nm 1.4 nm
1.5 nm
1.8 nm
3.2 nm
 
(a) (b)               
 
Fig. 5.1. C 1s XPS spectra obtained upon formation of (a) CuPc/C60 and (b) 
C60/CuPc organic semiconductor heterointerfaces (dots). Solid lines through the 
experimental points demonstrate the results of the least-squares simulation. 
Shadowed and dashed areas show the contributions of CuPc and C60, respectively.  
 
As clearly demonstrated in Figs. 5.1 (a) and (b), the step-by-step deposition of 
thin films of one organic material onto the other leads to continious changes of the C 1s 
line shape from the organic substrate to the deposited compound. More specific, the 
XPS spectrum of the system 2.7 nm CuPc/C60/Aupoly is very similar to that of 52 Å 
CuPc/Aupoly, whereas the XPS data for 77 Å C60/CuPc/Aupoly closely resemble those for 
32 Å C60/Aupoly.  
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Assuming formation of rather abrupt contacts between films of CuPc and C60 
the least-squares simulated C 1s spectra for thick films of C60 and CuPc deposited on 
polycrystalline gold [Figs. 5.1(a) and (b)] were used as reference to fit the other C 1s 
photoemission data. For each of the two reference subspectra, the relative energies and 
intensities of the individual peaks (4 peaks for CuPc and 5 peaks for C60) were fixed at 
the level obtained for the reference samples. Absolute energy position and width of the 
reference spectra were free fitting parameters at all coverages. 
As evident in Fig. 5.1, the C 1s spectra measured after each step of deposition of 
CuPc on C60 can be satisfactorily described by a superposition of the two weighted 
reference spectra. Further contributions were not necessary to obtain best fitting results.  
 
 
 
Fig. 5.2. N 1s and Cu 2p XPS spectra obtained upon formation of (a) CuPc/C60 and 
(b) C60/CuPc organic semiconductor heterointerfaces.  
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The absence of additional features in the C 1s (Fig. 5.1) and the corresponding 
N 1s and Cu 2p data (Fig. 5.2) even at the earliest stages of deposition of CuPc onto C60 
and C60 onto CuPc indicates that no chemical reaction occurs at any coverage at the 
CuPc/C60 and C60/CuPc interfaces. Although the shape of the core-level peaks N 1s and 
Cu 2p does basically not change with depositions in both cases (Fig. 5.2). But there is a 
small shift of N 1s (0.2 eV) so we Cu 2p (0.3 eV) core-level spectra at the C60/CuPc 
interface and one observes strong energetic shifts (0.6 eV) of both N 1s and Cu 2p core-
level spectra toward higher BEs with an increasing overlayer thickness at the CuPc/ C60 
interface, especially for coverages < 2nm. 
 
5.3.2. Analysis of the valence-band spectra 
 
The observed changes of the line shapes of the acquired valence-band 
photoemission spectra support the derived conclusion about the non-reactive origin of 
both the direct and inversely prepared heterojunctions between copper phthalocyanine 
and fullerite.  
UPS spectra of the C60 substrate and of the step-by-step deposited on it films of 
CuPc are shown in Fig. 5.3(a) while those for the opposite deposition sequence are 
presented in Fig. 5.3(b). A spectrum of the gold substrate, which was used to determine 
the Fermi-level position, is also shown in the bottom of the figures. The spectrum 
measured for 32 Å of C60 on gold substrate is typical for the bulk fullerite with the 
highest occupied molecular orbital onset located at about 1.6 eV BE [132]. 
Analogously, the spectrum of CuPc in Fig. 5.3(b) is in good agreement to previous data 
[91].  
The spectra measured for the initial CuPc depositon onto C60 exhibit features 
additively arising from the C60 substrate and the CuPc layers. Upon deposition of CuPc 
the C60-originating peaks become less pronounced until they disappear. The same is 
also true for the opposite deposition sequence [see Fig. 5.3(b)]. No additional spectral 
structures, which would indicate the apperance of interfacial gap states, can be 
identified in Fig. 5.3. 
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                               (a)                                                            (b)                          
Fig. 5.3. UPS spectra (He Iα) of CuPc/C60 and C60/CuPc interfaces for increasing 
thicknesses of the deposited organic film. UPS spectra of Au is also presented to 
show the Fermi-energy position. 
 
The observed spectral evolution is in agreement with the chemically inert nature 
of the CuPc/C60 interface stated in the previous section on the basis of the analysis of 
the core-level XPS data. At larger film thicknesses the features typical for CuPc [Fig. 
5.3(a)] and C60 [Fig. 5.3(b)] become fully developed, while the corresponding substrate 
spectrum is almost fully suppressed. Therefore, we conclude that the substrate is 
completely covered by the organic films in the range of these thicknesses. Since the 
surface sensitivity of our UPS experiment is of the same order of magnitude as these 
nominal thicknesses, this estimation represents the upper limit for the completion of the 
copper phthalocyanine or C60 layer, respectively. 
 
5.3.3. Energy shifts and energy-level alignment 
 
We now turn to the analysis of energy shifts of various spectral features. The BE 
of all core levels and HOMO-derived features (EB) as well as changes of the work 
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function (Φ) at the interfaces depending on the deposited CuPc or C60 layer thickness 
are summarized in Fig. 5.4(a) and 5.4(b), respectively. The upper panels compare the 
absolute binding energies of CuPc and C60 HOMO-derived features.  
On the next panels there are the work function changes as determined by the 
Kelvin-probe method. The lower panels represent the relative energy shifts of all core 
levels and the relative work function for the CuPc/C60 [Fig. 5.4(a)] and C60/CuPc [Fig. 
5.4(b)] interfaces. The absolute binding energies of the CuPc Cu 2p, C1s and N 1s as 
well as the C60 C 1s core levels are plotted in Fig. 5.5. 
 
5.3.3.1. CuPc/C60 interface 
 
Fig. 5.4(a) demonstrates pronounced energy shifts of all CuPc core-level 
features toward higher BEs with increasing overlayer thickness, d, up to approximately 
2.5 nm (see also Figs. 5.1 and 5.5). For thicker coverages, the BEs do not significantly 
change anymore. Correspondingly the work function of the system decreases from 
about 4.6 eV for the pristine C60 layer to 4.1 eV for the CuPc/C60 system. 
There is a kink at about 5 Å in the Φ(d) dependence, which might be related to 
the formation of the complete first monolayer of CuPc on the top of the fullerite. 
Beginning from d ∼ 3-5 Å the relative changes of the binding energies of the CuPc 
features follow the changes of the work function of the system, thus, favoring again the 
non-reactive nature of the CuPc/C60 interface.  
The C 1s level for the C60 substrate reveals only small shifts (if at all) upon CuPc 
deposition. In the range of d ~ 20 Å their magnitude (< 0.2 eV) is much less than that 
measured for the C 1s level as well as for the valence-band features of CuPc (> 0.5 eV). 
This indicates that the electronic levels of the C60 substrate remain essentially 
unperturbed after deposition of CuPc molecules. The very small energy shift of the C60 
C 1s core level suggests that the interface energy-level alignment occurs mainly on the 
CuPc side of the junction. 
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Fig. 5.4. Comparison of the energy-level shifts for (a) CuPc/C60 and (b) C60/CuPc 
systems as obtained from XPS, UPS and Kelvin-probe measurements. Strong 
shifts at the early stages of deposition are ascribed to the interface dipole 
formation. 
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Fig. 5.5. Absolute energy shifts of the C 1s, Cu 2p, and N 1s photoemission core 
level features upon formation of (a) CuPc/C60 and (b) C60/CuPc interfaces. 
 
 
5.3.3.2. C60/CuPc interface 
 
There is evident symmetry in the formation of the direct and inversely prepared 
interfaces between copper phthalocyanine and fullerite. The work function changes by 
about 0.5 eV when going from the pristine CuPc substrate to the thick layers of C60 
deposited onto the copper phthalocyanine. Similar to the CuPc/C60 contact, the energy 
position of the C60 C 1s core level remains almost unaffected within the accuracy of the 
experiment corroborating that the energy-level shifts at this heterojunction 
predominantly occur at the CuPc side. 
The range of the energy shifts of the CuPc PES core-levels [about 0.3 eV, see 
Figs. 5.4 (a) and 5.5] is smaller than the amplitude of the work-function variation. This, 
at first glance puzzling photoemission observation is in accordance with (i) our 
previous conclusion that particularly the CuPc part of the interfaces under study is 
responsible for the lineup of the energy levels and (ii) the fact that the preeminent 
change of the work function occurs already after deposition of the first CuPc monolayer 
on the top of the fullerite [kink in the upper panel in Fig. 5.4(a)].  
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5.3.3.3. Energy level diagrams 
 
In photoemission experiments, information about the BE of electronic states is 
averaged over the escape depth of the photoelectrons. In our measurements the escape 
depth is of the order of the characteristic thicknesses of the surface overlayer, in which 
the work function and the BE change by ~0.5 eV due to the dipole formation (see 
figures above) [81]. Given this fact consideration, the energy shifts at the interfaces 
observed with PES are underestimated. This situation is illustrated in Fig. 5.6 where we 
schematically draw the energy levels at CuPc/C60 heterointerfaces for different 
thicknesses of the top layer. Furthermore, Fig. 5.6 makes clear that due to the surface 
sensitivity of the photoemission technique the binding energy changes observed for the 
CuPc core levels are more prominent for the junction where CuPc is deposited onto C60 
than in the opposite case. Consequently, although the numbers measured above are not 
symmetric, they arise from a heterointerface electronic structure that is symmetric and 
that is characterized by predominant changes on the CuPc side. The conclusion that the 
sequence of deposition does not influence the electronic properties of the interfaces 
under study is further confirmed by the symmetric switch of the C60 HOMO intensity at 
the overlayer thicknesses of 0.5 nm in the CuPc/C60 and C60/CuPc valence-band spectra 
(Fig. 5.3) as well as by the symmetric behavior of the KP measurements.  
The energy level diagrams derived from the photoemission data and the Kelvin-
probe measurements are summarized in Fig. 5.7. The dipole potentials at the underlying 
C60/Au and CuPc/Au contacts are about 0.5 eV and 0.9 eV, respectively, as measured 
by the Kelvin-probe method and the hole injection barriers at these junctions are 
approximately 1.7 eV and 0.8 eV, respectively, in reasonable agreement to previous 
results [91, 120]. 
Since the transport energy gap of solid C60 is about 2.3 eV [133], we conclude 
that the Fermi level at the Au/C60 interface is located closer to the conduction level or 
lowest unoccupied molecular orbital (LUMO). 
In contrast to the fullerite, the Fermi level in the CuPc films grown onto the 
polycristalline Au roughly is shifted to HOMO (the transport gap of CuPc is about 2.3 
eV [134]). 
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Fig. 5.6. Schematic illustration of the energy levels at the two heterointerfaces for 
two different thicknesses, d1 (a) and d2 (b), of the deposited organic material. As a 
consequence of the finite photoelectron escape depth, which is of the order of the 
deposited film thickness, the energy shifts measured for the two inversely prepared 
interfaces depend on the deposition sequence although they are symmetric in 
reality. 
 
As seen in Fig. 5.7, the electronic energy-level alignment at the CuPc/C60 and 
C60/CuPc interfaces follows the commutativity rule [135, 136]. In both cases the 
absolute value of the interface dipole potential is 0.5 eV with the polarity depending on 
the sequence of the organic materials at the interfaces. In addition, for both 
heterojunctions the valence-band offset is equal.  
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Fig. 5.7. Schematic energy-level diagrams of (a) CuPc/C60/Aupoly and (b) 
C60/CuPc/Aupoly systems obtained from photoemission and Kelvin-probe 
experiments. All numbers are given in eV. 
 
5.3.3.4. Mechanism of energy-level alignment 
 
Independent of the deposition sequence, the energy-level alignment at the CuPc/C60 
interfaces is symmetric. Moreover, considering the core-level changes as discussed 
above the potential balancing at these interfaces predominantly occurs at the CuPc side 
of the interface. In general, the energy changes across the CuPc/C60 interfaces clearly 
demonstrate the formation of a short range interface dipole. An explanation in terms of 
an electrostatic band-bending model in the conventional sense would only be possible, 
if one assumes a very large number of charge carriers in copper phthalocyanine. 
Assuming band bending and applying Poisson’s equation [121] as usually done in 
inorganic semiconductor physics, it is not possible to describe consistently the 
measured peak shifts for film thicknesses lower than 2 - 3 nm. The explanation of the 
strong energy shifts at low coverages within the band-bending model would imply a 
charge-carrier density of 1019 – 1020 cm-3, which is clearly unreasonable for clean 
organic films as was already shown for Alq3/Ag interfaces in [122].  
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In addition to the ground-state properties of investigated systems, photoemission 
data may reflect final-state effects arising from the fact that the final-state photohole is 
screened. This final-state screening can cause significant binding energy shifts and it 
has been shown that at interfaces of organic semiconductors with metals the final-state 
effects are significant due to image charge screening [91]. However, at organic 
heterointerfaces studied in this work the impact of photoemission final-state effects is 
negligible.  
The large interface dipoles observed at the heterojunctions between copper 
phthalocyanine and C60 unambiguously rule out that there is vacuum-level alignment at 
such interfaces. Recently it has been proposed that the energy-level alignment at 
organic-organic heterointerfaces is driven by the alignment of the charge neutrality 
levels of the two organic semiconductors [44]. A potential offset of the CNLs is 
predicted to cause a charge transfer when the two materials are in contact, which then 
leads to the formation of an interface dipole. In addition, dielectric screening reduces 
the initial CNL difference. Assuming only dielectric screening, we now can estimate 
the charge neutrality level of C60 (CNLC60) taking into account that of CuPc (CNLCuPc = 
4 eV [44]), the measured interface dipole Δ = 0.5 eV, and the dielectric constants of the 
two materials (εC60 = 4 [132] and εCuPc ~ 4 [137]. We arrive at a value for the charge 
neutrality level of C60 of about 4.6 eV, i.e. quite close to the LUMO. We note that the 
dielectric properties of CuPc are strongly anisotropic which is not taken into account 
but our results still represent a good estimate for CNLC60 within the applied model. It is, 
however, unclear why we do not see equal core-level shifts for CuPc and C60 upon 
formation of the interfaces since within this model there should be charge transfer 
across the interface, i.e. an equal amount of additional charge on both sides.  
 
5.4. Conclusions 
 
In summary, the electronic structure at organic heterointerfaces between copper 
phthalocyanine and C60 has been investigated using core-level and valence-band 
photoelectron spectroscopy as well as the Kelvin-probe method. Independent of the 
deposition sequence, the interfaces are free from chemical interaction. We observed the 
formation of an interface dipole Δ  ~ 0.5 eV, which can be well described by a recently 
proposed mechanism based upon the alignment of the charge neutrality levels of the 
two organic semiconductors involved. Additionally, the potential change across the 
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interface is found to predominantly occur on the CuPc side of the heterointerface, an 
observation that is rather surprising and requires further studies for clarification.  
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6. Potassium doped CuPc 
 
6.1. Introduction 
 
As it was shown above in section 1.6 molecular crystals are characterized by the 
ability to incorporate electron acceptors and donors and, thus, the possibility to control 
the electronic properties of the material under investigation by introducing charge 
carriers. This special aptitude represents a promising route for technology [32, 33] as 
well as to study the fundamental properties of molecular crystals. Recently, insulator-
metal transitions have been reported for alkali metal doped Pc’s and PTCDA [138, 139]. 
In view of the analogy to intercalated fullerene compounds [132], their fascinating 
physical properties such as superconductivity [140], and the importance of electron- 
correlation effects in molecular solids [133, 140, 141, 142, 143], investigations of the 
electronic structure of doped molecular solids are desirable.  
The purpose of the investigations presented in this chapter was to study the 
evolution of the electronic structure (valence band and core levels) of copper 
phthalocyanine films at different levels of doping by potassium. However, in order to 
understand and explain numerous experimental results of investigation of doped Pc’s, it 
is necessary to have information not only about occupied electronic states, but 
unoccupied states should also be studied. Here, near edge X-ray absorption fine 
structure (see section 2.4) in combination with theoretical ab initio quantum-chemical 
calculations can be very useful.  
Therefore, we have performed a detailed investigation of the core-levels, 
valence-band as well as empty-states electronic structure of potassium doped CuPc by 
means of photoemission and NEXAFS using synchrotron radiation.   
 
6.2. Experimental details 
 
The PE and NEXAFS experiments were performed at the Berliner 
Electronenspeicherring für Synchrotronstrahlung, using soft-X-ray light, transmitted by 
the Russian-German high-energy resolution dipole beam line [77]. The detailed 
description of the beam line as well as of the experimental station with CLAM-4 
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analyser for photoemission studies and total electron yield detector for NEXAFS 
measurements can be found in section 3.2. 
CuPc films were deposited on a Au(100) substrate. Potassium was evaporated 
onto the CuPc film at rates ranging from 1 to 50 Å/min from a properly outgased  SAES 
alkali-metal dispenser, without detectable pressure increase during deposition. This 
resulted in a homogeneous distribution of the potassium in the organic film as checked 
upon changing the emission angle of the photoelectrons. The K concentration in the 
CuPc films was deduced from a comparison of the relative intensities of the K 2p and C 
1s core-level signals. The sensitivity factors, 0.7 for K 2p and 0.17 for C 1s, for a 
photon energy of 600 eV were taken from tabulated cross sections [90].  
Following each potassium deposition, PE measurements were carried out with 
photon energies of 110 eV for the valence band, 600 eV for the K 2p, C 1s and N 1s 
core levels, and 1100 eV for the Cu 2p core level. The overall energy resolution 
(FWHM) also accounting for the thermal broadening was 130 meV for photon energy 
of 110 eV (valence band), 240 meV for photon energy of 600 eV and 400 meV for 
photon energy of 1100 eV. The EF position in the spectra was determined after each 
new setting of the monochromator by measuring the Fermi edge and/or the Au 4f7/2 
electron emission from a gold foil cleaned by ion bombardment. 
The core-level C 1s and N 1s PE spectra were simulated by a least-squares 
fitting procedure in order to discriminate contributions from C and N atoms in different 
chemical environments. The fit was performed with Lorentzian lineshapes convoluted 
with a Gaussian function to take into account the finite experimental resolution. The 
experimental procedure, to acquire NEXAFS data was described in sections 3.2 and 4.2. 
Other experimental details, concerning the UHV electron spectrometer, Au(100) 
substrate preparation with following verification of surface reconstruction and 
cleanness, CuPc film deposition on the gold substrate, its characterization including 
evaluation of the organic film thickness, etc. were described in chapter 4.  
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6.3. Photoemission measurements 
 
6.3.1. Core-level spectra 
 
Figs. 6.1- 6.3 show the VB and K 3p core level, the C 1s and K 2p core levels 
and the N 1s core-level spectra recorded from a CuPc film as a function of potassium 
doping. The lowest spectrum in Fig. 6.1 was recorded from the Au (100) substrate just 
before CuPc film deposition. However the small separated feature in the valence-band 
structure of gold crystal corresponds to Ar (core-level peak Ar 3p), which is present in 
the chamber after cleaning with Ar spattering. A comparison to the spectra from the 
organic film shows that no valence-band features of the gold substrate are visible in the 
VB spectrum of the pristine CuPc film, thus confirming that the organic film spectra are 
representative of CuPc. The top of the VB of pristine CuPc (spectrum in Fig. 6.1 
indicated by X=0, were X is concentration of potassium atoms per CuPc molecule) 
stems from the HOMO with a spectral weight maximum located 1.95 eV below the EF.  
 
Fig. 6.1. Valence-band and K 3p core-level spectra recorded from CuPc films as a 
function of potassium doping.  
 
The onset of the CuPc valence band, which corresponds to the edge of the 
HOMO peak, is found at 1.25 eV below EF. This is in satisfactory agreement with 
previous data of the same system taken with different photon energies (see previous 
sections and [91, 144]). 
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The bottom spectrum in Fig. 6.2 represents the photoelectron emission from the C 
1s core level of CuPc. The fitting of this spectrum (Fig. 6.4, bottom spectrum) confirms 
previous conclusions [102, 103] (see also section 5.3.1) that the C 1s core level is 
composed of two components: C-1, which corresponds to the aromatic carbon of the 
benzene rings of CuPc, and C-2 shifted by 1.4 eV toward higher binding energy, which 
is attributed to the carbon linked to nitrogen (pyrolle carbon). This energy shift results 
from the charge redistribution between carbon and nitrogen atoms. In addition each 
component has satellite contribution. The shoulder SC-1 and the feature SC-2 are the 
satellites of the C-1 and C-2 component, respectively [102, 103, 131, 144, 145, 146]. 
 
 
Fig. 6.2. Same as in Fig. 6.1 for the C 1s and K 2p core levels. 
 
The analysis of the relative intensity of the C-1 to C-2 components, taking into 
account the satellites, leads to a number of 2.98, which is very closed to the 
theoretically expected value of 3.  
Fig. 6.2 also depicts the evolution of the C 1s and K 2p spectra with increasing 
potassium doping. The K 2p spin-orbit doublet is observed at energies of 289.2 eV and 
292.0 eV and increases in intensity with increasing doping. The energy position of the 
doublet provides grounds for the assumption that the outer s electrons of potassium are 
transferred to the CuPc molecules upon intercalation [132, 147]. The shape of the K 2p 
doublet does basically not change with doping till a concentration of about 2 potassium 
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atoms per CuPc molecule (X = 2) is achieved. This indicates the existence of only one 
inequivalent potassium site in this doping range. At higher doping concentration used in 
the present study, the spectra show only small enlargement of the K 2p core-level 
intensity that will be discussed below.  
 
 
Fig. 6.3. Same as in Fig. 6.1 for the N 1s core level.  
 
6.3.2. Fitting of core-level spectra   
 
Potassium doping results in a strong and continuous broadening of the C-2 
component of the C 1s core-level spectrum as can be clearly seen in Fig. 6.2. On the 
other hand the line shape of the C-1 component as a whole persists. The simulation of 
the C 1s core-level spectrum at different potassium concentrations, which is presented 
in Fig. 6.4, confirms this observation. With increasing potassium doping both C 1s core-
level components show broadening, but C-2, which is attributed to the carbon linked to 
nitrogen (pyrolle carbon), spreads much more drastically. At doping levels X ≥ 2, the 
intensity of the C-1 component essentially decreases (not shown here). Consequently, 
from the doping dependent behavior (0 ≤ X ≤ 2) of the C 1s and K 2p core levels we 
conclude that potassium ions most probably occupy equivalent positions near the 
pyrolle carbons of the CuPc molecules.  
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Fig. 6.4. Results of the C 1s core-level fitting for selected spectra in Fig. 6.2. 
 
 
This conclusion is supported by the variations of the N 1s core-level spectra 
upon doping as shown in Fig. 6.3. The N 1s core-level spectrum of pristine CuPc is 
shown at the bottom of the figure. These data suggest only one N 1s component. With 
increasing potassium intercalation the N 1s peak broadens. The results of the N 1s peak 
simulation for selected potassium intercalations are shown in Fig. 6.5. The width of 
each component was taken from the N 1s core-level spectrum of pristine CuPc and was 
kept unchanged at all potassium dopings.  
 
6.3.3. K ion positions in a doped CuPc film    
 
From Fig. 6.5 it is evident, that with doping the component A shows a shift to 
higher binding energy and as a result of K addition component B appears at lower 
binding energy, which leads to the overall N 1s peak broadening observed. With 
increasing doping one sees a rapid attenuation of component A and simultaneously a 
growth of component B. At high doping the ratio B/A becomes approximately 1 (see 
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Fig. 6.6). However, the total intensity of the N 1s core level does not change. Thus, our 
data demonstrate different chemical surroundings for the two inequivalent nitrogen sites 
of the CuPc molecules. It is worth to remind, that a CuPc molecule has two inequivalent 
nitrogen sites: 4 nitrogen atoms surround to the central Cu, while other 4 nitrogen atoms 
are linked to pyrolle carbon.  
 
 
 
 
Fig. 6.5. Results of the N 1s core-level fitting for selected spectra shown in Fig. 
6.3. 
 
Moreover, in pristine CuPc the same or a very similar N 1s binding energy 
characterizes the two inequivalent nitrogen sites. We attribute the shifted component A 
(upper spectrum) to the nitrogen atoms connected to Cu. The fact that the Cu 2p core 
level spectra display no observable changes with potassium doping is, thus, in 
agreement to the behavior of the N 1s component A. As a consequence, the B 
component of the N 1s core level must be attributed to the N atoms, which are linked to 
pyrolle carbon. Its strong doping dependence is fully consistent with the significant 
broadening of the corresponding C 1s component as discussed above.  
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Fig. 6.6. Change of the relative intensity of the B and A components of the N 1s 
core level (see Fig. 6.5) with potassium doping. 
 
 
 
 
Fig. 6.7. Diagram of possible positions of the K ions intercalated in CuPc. 
 
 
Based upon these results we propose a possible distribution or site occupation of 
the potassium ions in K-CuPc compounds where these ions occupy sites close to the 
pyrolle nitrogens as schematically drawn in Fig. 6.7. Such a structural arrangement 
would affect the electrostatic potential of the pyrolle nitrogen and carbon considerably 
and, thus, explain the changes observed in the PE spectra. Moreover, the fact that the 
two N 1s components have the same intensity at X ~ 2 suggests that each K ion is 
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shared by two adjacent CuPc molecules such that the four outer (pyrolle) nitrogens are 
affected equally. At higher doping levels further, different lattice sites have to be 
occupied.  
 
6.3.4. Valence band      
 
We now discuss the valence-band spectra shown in Fig. 6.1. The valence-band 
onset at 1.25 eV binding energy for the pristine CuPc film indicates that the initial EF 
position is located near the middle of the transport gap, which has been reported to be 
2.1 – 2.3 eV [134, 144]. The mid gap position of EF is consistent with the intrinsic 
nature of the CuPc films as prepared in this study. Indeed, CuPc films grown in argon 
atmosphere or in high vacuum conditions of ~10−6 Torr show p-type properties, that 
most probably reflect the non-negligible level of oxygen impurities, arising due to such 
growth conditions. It is very important for our investigation that the position of the 
Fermi level in the CuPc film is not determined by some defects or impurities, because 
upon metal deposition we will discuss the energy-level alignment and interface 
electrical barriers.  
As a result of K deposition a new structure appears in the valence-band spectra 
at about 0.7 eV below EF, which is labeled ‘C’ (see Fig. 6.1). The spectral weight of this 
structure increases with increasing doping and we attribute it to electron emission from 
the former lowest unoccupied molecular orbital of CuPc, which now becomes filled as a 
result of the transferred electrons. The observation of such a doping induced structure in 
the energy gap of the organic semiconductor is similar to what has been observed for 
other doped organic systems [143, 148, 149]. In addition, upon doping we observe a 
shift of the spectra to higher binding energy, which confirms the result, obtained in 
[143, 144, 148] and corresponds to the EF motion toward the conduction-band 
minimum. This behavior of the Fermi energy shows that potassium dopes CuPc with 
donor levels.  
As introduced above, the ability to control the electronic properties of OMTF’s 
by introducing charge carriers can lead to fascinating properties and an insulator to 
metal transition was reported for alkali-metal doped phthalocyanines [139, 150]. This 
intruiging result was obtained by means of electron-transport measurement techniques 
and scanning tunneling spectroscopy (STS). A direct method to prove metallicity is 
photoemission. Therefore we carefully recorded a series of PE spectra of CuPc film in 
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the vicinity of EF as a function of potassium doping. We did not observe any evidence 
for signals close to EF in the entire doping range studied. In other words, none of the 
KXCuPc films analyzed here was metallic. This is in perfect agreement to previous PE 
studies at different photon energies [144] and we emphasize that the sample preparation 
procedure applied in the present study leads to well ordered CuPc thin films. The reason 
for the discrepancy of the PE results and those from transport and STS measurements 
remains unclear. In case there exist different stable phases for particular doping levels 
the preparation as carried out here most likely leads to the formation of mixed phase 
films [151], but alkali-metal intercalated fullerene films show electron emission in the 
region of EF despite their mixed phase nature [152]. It has been shown that stable 
phases can also exist for alkali-metal intercalated organic molecular solids [153], which 
might offer a route to clarify this point. Furthermore, the thin CuPc films as grown in 
our studies might be different in structure as compared to those studied in Refs. [139, 
150]. Since electronic correlations in molecular solids cannot be neglected [132, 133, 
140, 141, 142, 143], an even small structural difference could also be responsible for the 
different, metallic or insulating, observed ground state at the same doping level. A 
metal-insulator transition is indeed known from the alkali metal intercalated C60 
materials, where a lattice expansion in previously metallic K3C60 [154] or a change of 
the lattice symmetry going from K3C60 to K4C60 [155] result in an insulating ground 
state. Finally, a localization of the additional electrons on CuPc molecules due to the 
adjacent positively charged K ions is also conceivable, in particular, when the K ion 
distribution is not symmetric around a particular molecule (for cases X < 2). This could 
contribute to the stabilization of an insulating ground state of the corresponding film. 
 
6.4. NEXAFS measurements 
 
 
6.4.1. Introduction 
 
 
This section presents results of the evolution of the empty electronic states of 
CuPc thin film upon potassium intercalation. The studies were performed by means of 
near-edge X-ray absorption fine structure spectroscopy. 
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6.4.2. Cu 2p NEXAFS spectra of K doped CuPc film 
 
Fig. 6.8 shows NEXAFS spectra taken at the Cu 2p3/2 absorption edge in 930 eV 
– 948 eV photon-energy region from a CuPc film as a function of K doping. During all 
measurements we have kept fixed X-ray incidence angle, namely θ = 35o related to the 
normal to the surface.  
 
 
Fig. 6.8. NEXAFS spectra taken at the Cu 2p absorption edge for a thick CuPc film 
(≈ 70 Å) as a function of K concentration at RT.  
 
 
The K concentration in the CuPc film was varied from X=0 to 2.8 potassium 
atoms per one CuPc molecule. We do not show spectra measured at the Cu 2p1/2 
absorption edge, because they have less intensity and are very similar to the spectra 
taken at the Cu 2p3/2 p threshold. One can clearly see, that intensity and shape of the Cu 
2p3/2 absorption-edge data do not show any noticeable changes in all region of 
potassium concentration studied in the present work. This observation evidences no 
chemical interaction between intercalated potassium and cooper atoms (located in 
central position of each CuPc molecule). Moreover we can suppose there is no 
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noticeable interaction between K and nitrogen atoms linked to central Cu atoms as well. 
The observation, that the intercalated K atoms are chemically inert in respect to Cu and 
N atoms linked to Cu, is a very essential result confirming conclusions of the 
photoemission studies (see section 6.3 and [92]). 
Above a possible distribution or site occupation of the potassium ions in K-CuPc 
compounds, where these ions occupy sites close to the pyrolle nitrogens, was proposed 
with strong charge transfer from K atoms to these pyrolle nitrogens. No remarkable 
influence of the K doping neither on Cu nor on N atoms, linked to the central Cu atoms, 
was observed.  
 
6.4.3. C 1s and N 1s NEXAFS spectra of K doped CuPc film 
 
The evolution of the C 1s NEXAFS spectra for CuPc films as a function of K 
concentration is presented in Fig. 6.9 (a). One can clearly see, that with increasing K 
content in the CuPc film intensity of peak A’, which was attributed to the LUMO (see 
above) and is caused by electron transitions related to the C-1 component of the C 1s 
core level (benzene carbon), decreases.  
This observation becomes even clearer in Fig. 6.10, where the C 1s absorption 
spectra recorded from CuPc films for selected doses of K intercalation are 
superimposed. From the fact that K atoms do not interact with benzene ring carbons, we 
can conclude that the density of states of the LUMO decreases with K doping. Since 
one observes simultaneously an appearance of a filled electronic state in the EF region, 
we can confirm the suggestion, which was done in [92, 144], that upon K doping the 
degenerated lowest unoccupied molecular orbital splits into two orbitals. One of them 
still stays above the chemical potential, but the density of empty states decreases and 
therefore the spectral weight of peak A’ in Fig. 6.9 (a) and Fig 6.10 decreases.  
The second observation in the C 1s NEXAFS spectra is appearance and growth 
of a signal between the A’ and A peaks with increasing K concentration [see Figs. 
6.9(a) and 6.10]. Peak A was attributed (see above) to the electron transitions from the 
pyrolle carbons. As was show above, K atoms do not interact with benzene carbon and 
therefore we did not observe noticeable changes of the C-1 component with K doping in 
core-level photoemission. However, it was shown that the pyrolle carbon peak C-2 
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broadens with increasing K concentration [see Fig. 6.4 and inset in Fig. 6.10 showing C 
1s core-level spectra for X=1.4]. 
 
 
Fig. 6.9. NEXAFS spectra taken at the C 1s (a) and N 1s (b) absorption edges as a 
function of K coverage. The spectra were recorded at RT from a thick CuPc film (≈ 
70 Å). 
 
We have performed a C 1s core-level fitting for the photoemission spectra taken 
for CuPc films with different K doping. One of them for X=1.4 is presented in inset in 
Fig. 6.10. As result of fitting we have found that the C-2 component of the C 1s spectra 
decreases in intensity. Simultaneously an additional component, which we mark as C-3 
shows up between the C-1 and C-2 components. The appearance of the C-3 component 
can be explained as follows. For a stoichiometry of X=2 (see Fig 6.7) 4 potassium 
atoms are related to 1 CuPc molecule and thus can interact with the N atoms and pyrolle 
C atoms close to them. Therefore we observed the decreased response of the C-2 pyrolle 
carbon atoms, which do not interact with potassium and the new C-3 peak that is 
attributed to pyrolle carbon atoms, which together with the N atoms interact with K. 
This conclusion is confirmed by the fact that C-3 has lower binding energy as compared 
to C-2. Indeed K intercalated CuPc gives charge density to the C-N orbitals and both 
types of atoms become negatively charged. This results in the shifts to lower BE of the 
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1s core-level spectrum of N atoms linked to pyrolle carbon [92] and of the pyrolle 
component of the C 1s core-level spectrum, which appear as C-3 component. Now we 
can explain evolution of A’ and A peaks in Fig. 6.10. For clean CuPc film it was shown 
that with increasing of photon energy one observed first of all transitions from benzene 
carbon (C-1 component of C1s core level) to A’ state (LUMO) and after that – from 
pyrolle carbon (C-2 component) to A states.  
 
Fig. 6.10. C 1s absorption spectra, recorded from a CuPc film for selected doses X of K 
intercalation. A’, A-C indicate peaks positions for a clean CuPc film (X=0) (see paragraph 
4.4) The inset represents results of fitting of theC 1s core level of K doped CuPc (X=1.4): C-
1 component corresponds to the aromatic carbon of the benzene rings of CuPc, while C-2 
and C-3 ones are attributed to the carbon atoms linked to nitrogen (pyrolle carbon), which do 
not reveal interaction and interact with K ions respectively. SC-1 to SC-2 – satellites of the 
respective main components. 
 
With potassium doping the pyrolle carbon C-2 component is split into C-2 (now 
reduced in intensity) and C-3 shifted to lower BE. Thus with increasing photon energy 
one observes transitions from C-1 (feature A’), from C-3 (feature between A’ and A) 
and as for clean CuPc - from C-2 (feature A).  
We can see certain changes in other parts of the C 1s absorption spectra, e.g. 
slight shift of the B, C and D peaks to lower photon energy. We believe, however, it is 
necessary to perform further calculations to explain such behavior. The same is applied 
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to the N 1s spectra where we have found a lower photon energy shift of the b and c 
peaks with K doping [see Fig. 6.9(b)]. Simultaneously, feature a reveals decrease of its 
intensity (compared to signals b and c), since a part of the corresponding electronic state 
now is occupied with electrons translated from K atoms.  Note also a doping induced 
shift of peak b relative to peak B of the C 1s absorption spectra (see Fig. 6.10). 
 
6.5. K/CuPc: Conclusions 
 
We have presented the photoemission and NEXAFS study of K doped CuPc 
using synchrotron radiation. Our core-level spectra analysis indicates the occupation of 
equivalent lattice sites by K ions up to a doping level of X = 2. We do not find evidence 
for a metallic ground state at any doping level. This is in contrast to recent transport and 
scanning tunneling spectroscopy experiments and might be related to structural 
differences of the CuPc films used in different investigations.  
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7. Reactive “metal-on-organic” interface: In on CuPc 
 
7.1. Introduction    
 
In spite of the importance of metal-OMTF contacts in general and of the fact that 
the metal-OMTF interface formation carried out in UHV becomes a principal base for 
organic micro- and nano-device technologies [14, 13], there is no complete microscopic 
understanding of this class of interfaces as has been outlined in chapter 1.4.1.  
In the present investigation by means of high resolution photoemission 
spectroscopy of the valence-band and core-level region using synchrotron radiation, the 
interface formation between CuPc thin films and indium deposited on them has been 
studied. We have focused on the evolution of the electronic structure of copper 
phthalocyanine films during metal deposition and on interactions during this process. 
Indium has been chosen as an example of a metal with a relatively low work function, 
since often contacts for charge carrier injection are produced by deposition of the 
electrode metal onto the semiconductor. Besides, the chemistry and electronic properties 
of interfaces formed between this metal and thin films of the archetype molecular 
organic semiconductor 3, 4, 9, 10 perylenetetracarboxylic dianhydride (PTCDA) upon 
the metal deposition onto PTCDA in UHV conditions at room temperature were studied 
earlier in Refs.[19, 20, 156]. Thus we have the opportunity to compare the contact 
properties of the same metal to different organic semiconductors.  
 
 7.2. Experimental details 
 
The preparation of the CuPc film, the In deposition and the soft X-ray 
photoemission spectroscopy measurements were performed in the UHV electron 
spectrometer at the Russian-German high energy resolution dipole beamline [77]. The 
detailed description of the beamline as well as of the experimental station with the CLAM-
4 analyzer for photoemission studies can be found in Section 3.2. As substrate, we used a 
(100) surface of a gold single crystal, on which the CuPc film was deposited. In was 
evaporated from a resistively heated tungsten filament onto the CuPc films without 
detectable pressure increase during deposition. The deposition rates, measured by a quartz 
thickness monitor, were 1 - 50 Å/min. In addition, the total amount of metal adsorption on 
each step of the deposition was estimated from a comparison of the relative intensities of 
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the In 4d, In 3d, and C 1s core-level signals. The sensitivity factors of the core-level 
excitations for the corresponding photon energies were taken from tabulated 
photoionization cross sections [90].  
Following each step of the metal deposition, the PE measurements were carried out 
with photon energies of 110 eV for the valence band, In 4d core level, 600 eV for the In 
3d, C 1s and N 1s core levels, and 1100 eV for the Cu 2p core level. The EF position in the 
spectra was determined after each setting of the monochromator by measuring the Fermi 
edge and/or the Au 4f7/2 electron emission from a gold foil cleaned by ion bombardment. 
The total instrumental resolution (FWHM) also accounting for the thermal broadening was 
130 meV for the VB and In 4d core levels, 240 meV for the In 3d, C 1s, N 1s and Au 4f7/2 
(Ekin ~ 502 eV) core levels and 400 meV for the Cu 2p and Au 4f7/2 (Ekin ~ 989 eV) core 
levels. 
Other experimental details, concerning the UHV electron spectrometer, Au(100) 
substrate preparation with following verification of surface reconstruction and cleanness, 
CuPc film deposition on the gold substrate, its characterization including evaluation of the 
organic film thickness, fitting of core-level PE spectra etc. were described in chapter 4.  
 
7.3. Results and discussion 
 
7.3.1. As grown CuPc film 
 
The bottom spectra in Figs. 7.1-7.3 show C 1s core level, extended VB, and the top 
of the VB recorded from a CuPc film as grown on the Au(100) substrate. A comparison of 
the VB spectra (Figs. 7.2 and 7.3) taken from the organic film to the spectra recorded from 
clean Au(100) taken just before CuPc film deposition (not shown) displays that no 
valence-band features of the gold substrate are visible in the VB spectra of the pristine 
CuPc film, thus confirming that the organic film spectra are representative of CuPc.  
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Fig. 7.1. C 1s core level measured using photoemission spectroscopy as a function 
of In deposition on CuPc films at RT. 
 
The bottom spectrum in Fig. 7.1 represents the photoelectron emission from the C 
1s core level of pristine CuPc. The fit of the spectrum, results of which are also presented 
is equivalent to those in [91, 92, 144] and chapters 5, 6. 
 
 
Fig. 7.2. Extended valence band measured using photoemission spectroscopy as a 
function of In deposition on CuPc films at RT. 
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Fig. 7.3. Top of the valence band measured using photoemission spectroscopy as a 
function of In deposition on CuPc films at RT. 
 
The valence-band spectra of pristine CuPc shown in Figs. 7.2 and 7.3 are similar 
to those in Refs [91, 92, 144]. In particular, the onset of the CuPc valence band, which 
corresponds to the edge of the HOMO structure, is found at 1.25 eV below EF.  
This means, that in the present study the position of the Fermi level in the CuPc 
film is in the middle of transport gap and therefore as shown above (see section 6.3.4) is 
not determined by some defects or impurities. In general each of the valence orbital is a 
weighted mixture of all possible atomic wave functions belonging to the different 
molecular sites (see chapter 4.3 above).  
 
 
7.3.2. In/CuPc: Experimental data and their analysis 
 
Figs 7.1 - 7.4 also present the CuPc C 1s core-level, the extended valence-band, 
the top of the valence-band and the In 4d core-level spectra as a function of In coverage 
on a 70 Å CuPc film. First, we discuss the behavior of the C 1s core-level data upon In 
deposition. The data have been normalized to the maximum intensity in order to see 
potential lineshape changes. The shape of the core-level spectra reveals no noticeable 
changes with increasing In coverage, which might indicate that neither pyrolle nor 
benzene-ring carbon atoms show a strong chemical interaction with the deposited metal. 
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However, a 0.67 eV shift to lower binding energy is observed with a small opposite 
shift to the high BE direction at the first stage of the indium deposition. This behavior 
will be discussed later.  
 
 
 
Fig. 7.4. In 4d core level measured using photoemission spectroscopy, as a 
function of In deposition on CuPc films at RT. 
 
Nevertheless a chemical reaction between In and CuPc becomes evident already 
upon deposition of smallest amount of the metal - 1-2 Å. In Figs. 7.2 and 7.3 one clearly 
observes for such small In coverages a VB shift of about 0.26 eV to higher binding 
energy. At the same time, peaks S1 and S2 appear in the gap of CuPc. A third (S3) 
feature in the gap and another (S4) feature, which is seen as a shoulder of peak C, appear 
at nominal In coverages ≥ 10 Å. Thus, one can conclude that after initial deposition In 
atoms diffuse into the CuPc film and a strong chemical reaction between In and CuPc 
molecule takes place. This conclusion is further supported by the evolution of the In 
core-level spectra. At the smallest In deposition a relatively strong component of the In 
4d core level appears in the spectra being shifted by 1.45 eV to higher BE with respect 
to metallic In. This component is much higher in intensity as compared to the intensity 
of the In 4d component corresponding to metallic In. Such a lineshape is clearly seen 
until a nominal In coverage of about 4 Å. This In 4d core-level behavior signifies that In 
atoms transfer charge to CuPc molecules and become positively charged. In addition 
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one can clearly see that the In 4d core-level width of the reacted In is very similar to that 
of the metallic In, which indicates that In atoms being incorporated into the CuPc film 
are not randomly distributed in the film, but occupy certain, well defined equivalent 
positions. 
 
 
 
Fig. 7.5. Photoemission from In 3d core levels as a function of In deposition on 
CuPc films at RT. 
 
Moreover, in Fig. 7.5 we present the In 3d core-level spectra recorded at a 
photon energy of 600 eV as a function of In deposition on the 70 Å CuPc film. Both the 
lineshape and the energy positions corroborate what has been concluded above for the 
In 4d levels and thus support our conclusions. Indeed, already at the In deposition of 1-2 
Å a reactive component of the In 3d core level appears in the spectra being shifted by 
about 1.6 eV to higher BE with respect to metallic In. This component is more intense 
as compared to the metallic In 3d component. Such behavior is clearly visible up to In 
coverage of about 4 Å. Therefore we can conclude again that In atoms transfer charge to 
CuPc molecules and become positively charged. Besides, we observe the In 3d core- 
level width of the reacted In is very similar to that of the metallic In, which indicates 
that In atoms occupy definite, equivalent positions. 
Summarizing the discussion presented so far it is emphasized that the evolution 
of the VB, In 4d and 3d, and C1s core levels upon In deposition observed above 
indicate that indium atoms diffuse into the CuPc film, provide charge to the CuPc 
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molecules and most probably occupy equivalent positions. In addition, these positions 
are placed such that the C atoms of the CuPc molecules are hardly influenced.  
 
 
 
Fig. 7.6. Normalized photoemission spectra from the N 1s core level as a function 
of  In deposition on CuPc films at RT. 
 
In order to more clearly identify these In sites in CuPc at low deposition (about 
1- 4 Å), we now consider Fig. 7.6, where the variations of the N 1s core-level spectra 
upon In deposition are shown. Again, the data have been correspondingly normalized in 
order to analyze changes in the lineshape, if any. The N 1s core-level spectrum of 
pristine CuPc is shown in the bottom of the figure. As it was already discussed above 
(see section 6.3.2) in pristine CuPc the two inequivalent nitrogen sites are characterized 
by the same or a very similar N 1s binding energies and therefore the N 1s spectrum is 
very narrow and looks like containing only one component. This peak with only minute 
In deposition broadens and keeps its new shape up to an In deposition of about 18 Å.  
To obtain deeper insight in the chemical interaction between indium and CuPc, 
we have performed a N 1s peak simulation equivalent to the one performed in section 
6.3.2. The results of this procedure for selected indium depositions are shown in Fig. 
7.7. The width of each component was taken from the N 1s core-level spectrum of 
pristine CuPc and was kept unchanged at all In coverages. From Fig. 7.7 it is evident, 
that with deposition of about 4 Å of In, component A reveals a shift to higher binding 
energy of about 0.12 eV, and simultaneously additional component B appears at about 
0.45 eV lower binding energy, which leads to the overall N 1s asymmetric peak 
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broadening. The energy distance between the two N 1s components A and B remains 
about 0.5 eV with increasing deposition up to about 10 Å, and shows some increase 
until 0.78 eV at the highest coverage of 41 Å studied (see Fig. 7.8, open circles). The 
IB/IA intensity ratio stays almost constant at about 0.3 independent of the amount of In 
(see Fig. 7.8, closed circles). Thus, our data demonstrate that as a result of the metal 
deposition two different chemical surroundings for the nitrogen sites of the CuPc 
molecules are caused. The fact that the Cu 2p core-level spectra display no observable 
changes with In deposition gives us a good reason to infer that the nitrogen atoms linked 
to Cu were not affected by In atoms incorporated into the CuPc substrate. This is very 
similar to what we have observed in the case of K doping.  
It has been already discussed above that component A of the N 1s core-level 
spectrum for pristine CuPc has two contributions. The A component can be attributed 
(i) to the nitrogen atoms bond to Cu and (ii) partly to the N atoms linked to pyrolle 
carbon, which are not disturbed by interaction with indium. The B component of the N 
1s core-level spectrum must be attributed to those N atoms, which are linked to pyrolle 
carbon and are involved in the chemical interaction with In atoms. Finally, upon In 
addition a shoulder of structure C appears in the valence-band data. Considering that the 
spectral feature C of the VB is a result of a combination of the benzene C 2p, the 
bridging aza and the pyrolle N 2p, and H 1s [145], we expect that the pyrolle N 2p 
orbital participates in the chemical interaction with In and gives rise to the shoulder of 
the valence-band feature C. 
Based on these results we propose a likely location of the indium ions in the 
CuPc film where these ions occupy partly sites close to the pyrolle nitrogens. Such a 
structural arrangement would affect the electrostatic potential of the pyrolle nitrogen 
and thus explain the changes observed in the PE spectra. 
The spectra in Fig. 7.4 also demonstrate that In practically does not accumulate 
at the CuPc surface until the nominal coverage reaches 4 - 7 Å. Up to this coverage the 
intensity of the In 4d component, which is found at 1.45 eV higher BE, grows and in the 
same range of coverage the intensity of the In 4d component originating from surface 
metallic clusters remains relatively weak and basically does not increase. In other 
words, at this stage of interface formation the deposited In atoms essentially diffuse into 
the CuPc film and chemically interact with the organics.  
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Fig. 7.7. N 1s core-level fitting for the spectra shown in Fig. 7.6. 
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Fig. 7.8. B – A energy distance (open circles) and the IB/IA intensity ratio (closed 
circles) for the two components of the N 1s core level from the fits presented in 
Fig. 7.7  
 
 
 
 
Fig. 7.9. Proposed site positions of In ions diffused into the CuPc film. (left panel): 
In – In direction between two metallic ions belonging to the same CuPc molecule 
alternately changes by 90 degree relative to the normal to the molecular plane 
(along the stacking axis). (right panel): Another possible arrangement of In ions in 
CuPc films. 
 
If we take the ratio of the two N 1s components IB/IA = 0.33 (see the IB/IA 
saturation for Θ ≥ 4 Å in Fig. 7.8) then a simple evaluation gives us a value IB =1.98, 
which is very close to 2. Indeed, the total amount of N atoms is equal to 8. 4 nitrogen 
atoms are linked to the central Cu atom. Other 4 N atoms are bound to pyrolle carbon 
and initially (in pristine CuPc) have the same binding energy as those linked to Cu. The 
ratio 0.33 means, that in average 2 N atoms, which are linked to pyrolle carbon atoms 
are not influenced by In, and keep the same binding energy as 4 N atoms bound to Cu. 
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Thus we have 6 nitrogen atoms with the same unchanged binding energy. By In 
deposition in average 2 of 4 N atoms, linked to pyrolle carbon, interact with two indium 
atoms, take from them negative charge and decrease its own binding energy. Thus ratio 
IB/IA equals to 2/6 or 1/3. Therefore we demonstrate that in average 2 of 8 nitrogen 
atoms of a CuPc molecule are involved in the chemical reaction with incorporated In 
atoms, i.e. we observe the formation of a compound with 2 In atoms per 1 CuPc 
molecule. We propose the possible positions of In atoms in CuPc molecule as drawn in 
Fig. 7.9 (left panel). 
In addition, we propose that In - In direction between two metallic atoms 
belonging to the same CuPc molecule alternately changes by 90 degree, viewing the 
molecules along the stacking axis. Such a 90-degree rotation will reduce the Coulomb 
repulsion between In ions. Another possible arrangement is shown in Fig. 7.9 (right 
panel). Most likely, the formation of an In2CuPc film in our experiment represents 
saturation. Indeed, with further In deposition one observes: (i) rapid formation of a 
metallic indium film on the CuPc surface, which very fast starts to reduce the 
photoelectron emission from the higher lying In 4d core level, (ii) the N 1s IB/IA 
intensity ratio remains almost constant for In concentrations Θ ≥ 7 Å showing that In 
does not diffuse any more into the CuPc film and therefore with increasing nominal In 
deposition the composition of the In2CuPc compound remains constant (see Figs 7.7 
and 7.8 and discussion above), and (iii) the B-A distance does not change too much at Θ 
≥ 7 Å that signals again that formation of the compound is completed and no further 
charge transfer from In to CuPc occurs. In addition, we have estimated that the nominal 
In coverage of 5-6 Å is enough to completely saturate the CuPc film of 70 Å thickness 
used in the present investigation. For this evaluation we have assumed, that CuPc 
deposition on a 5x20 reconstructed surface of Au(100) results in well ordered molecular 
thin films with new surface unit cell of 12.3 Å x12.3 Å and that the CuPc molecules lay 
parallel to the substrate plane. This consideration is based on results of Ref.[157] and on 
the diffraction patterns obtained from clean as grown CuPc film in the present 
experiment. Further support for our conclusion comes from the evolution of the In 3d 
core level intensity as a function of indium addition as shown in Fig. 7.10.  
This figure shows that the increase of the In 3d core-level intensity is steeper for 
low deposition rates, i.e. when indium can diffuse into the CuPc film, as compared to 
the formation of the indium overlayer later, which again indicates a two-stage behavior. 
Lastly, the analysis of the relative intensities of In (3d and 4d) core levels and those 
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arising from CuPc (N 1s and C 1s) taking into account the photoionization cross section 
and the different mean free paths gives results that are fully consistent with the 
formation of an In2CuPc compound at the first stage.  
 
 
 
Fig. 7.10. In 3d photoemission intensity as a function of In deposition onto CuPc. 
 
Thus we can conclude, that we have observed two stages of the In/CuPc 
interface formation upon In deposition onto CuPc films. The first stage takes place until 
a nominal In coverage of 5 - 6 Å and is characterized by strong diffusion of the In atoms 
into the organic film. In atoms occupy sites close to the pyrolle nitrogens, strongly 
interact and transfer negative charge to CuPc. This stage is completed when a 
stoichiometry of In2CuPc is reached. Probably, in both main crystallographic directions 
of the surface as well as along the stacking axis a doubling of crystallographic 
periodicity occurs, i.e. a LEED diagram should show a 2x2 superstructure. The second 
stage begins just after the first one is completed, at Θ ≥ 7 Å: on the top of the In2CuPc 
compound a metallic indium film is formed. 
Finally, we discuss the VB evolution with In deposition. As already mentioned 
above, the top of the VB of pristine CuPc arises from the highest occupied molecular 
orbital with a spectral weight maximum located 1.5 eV below EF (peak A). At the 
smallest deposition of In (about 1-2 Å) a 0.26 eV shift of all VB spectral features to the 
higher BE is observed thus indicating shift of EF towards the conduction band. This 
behavior of EF also demonstrates that In doping of CuPc is n-type, in general.  
As a result of In deposition we have found that 3 new structures appear in the 
valence-band spectra between the HOMO and EF which are labeled S1, S2 and S3 (see 
Fig. 7.2-7.3). The spectral weight of the S1 and S2 structures increases with increasing 
In deposition and becomes maximal at the end of the formation of In2CuPc (first stage). 
One of these features we can attribute to electron emission from the former lowest 
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unoccupied molecular orbital of CuPc, which now becomes filled as a result of the 
transferred electrons. The explanation of such a doping induced structure in the energy 
gap of the organic semiconductor is similar to what has been reported for other doped 
organic systems [92, 143, 148, 149,] (see chapter 6).  
There are some additional features in the spectra, which are difficult to explain 
in this way. This parallels the situation of indium deposition onto PTCDA where a 
strong chemical reaction between In and PTCDA film was observed also for a very 
small amount of metal (nominally 1 Å) [19, 20]: at the same time two new peaks 
appeared in the gap of PTCDA and a third feature as a shoulder of the HOMO. This has 
been interpreted in terms of chemical reaction between In atoms and the oxygen of 
anhydride groups of PTCDA. The In-PTCDA reaction produces multiple chemical 
states that give rise to a broad-shaped core level on which even spin-orbit splitting 
cannot be resolved.  
It is known that indium can be in a di- or trivalent states [158] in inorganic 
indium compounds. From this we conclude that the formation of In2CuPc results in a 
complete filling of the two-fold degenerate LUMO of CuPc. This is reflected by the 
appearance of structure S1 in the energy gap of CuPc, which most likely arises from 
electron emission from the former LUMO of CuPc. Another doping induced structure 
S2 then must be associated with the formation of a more covalent-like bond between In 
ions and the pyrolle nitrogen atoms. Finally, feature S3, which appears near Fermi level 
(not marked in the Fig. 7.11) with higher indium coverage, can be interpreted as a 
signature of the metallic indium film that is formed. It is instructive to compare the 
discussed data with similar results obtained for K/CuPc system (chapter 6), which is 
shown in Fig. 7.11. 
It is clear, that in the K/CuPc system only one state appears in the band gap upon 
K deposition. The intensity of this feature increases with increasing doping. In section 
6.3.4 this signal was attributed to electron emission from the former LUMO of CuPc, 
which becomes now filled as a result of the transferred electrons. If compared to In, 
potassium has only one valence electron and therefore in this system we observe only 
one (C) state in the gap region with K doping. 
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Fig. 7.11. Comparison of VB electronic structures of K/CuPc (a) and In/CuPc (b) 
systems. Upon K deposition one observes one (c) electronic state in the gap 
region, while upon In deposition – three states. 
 
7.4. In/CuPc: Conclusions 
 
We have presented the photoemission study of the interface formation of copper 
phthalocyanine exposed to indium.  CuPc can be regarded as a model system for 
organic semiconductors, whereas indium has a relatively low work function which is of 
high importance, e.g. for electron injection electrodes in organic light emitting devices. 
The results of our studies are summarized in Fig. 7.12.  
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Fig. 7.12. Schematic representation of the energy levels derived from our 
experiments upon indium deposition onto a CuPc film grown on Au(100). a-c 
present different stages of In/CuPc interface formation. 
 
They clearly show that at the first stage of indium deposition onto CuPc, the 
indium atoms diffuse into the CuPc film and react with the CuPc molecules. We find 
clear evidence of a charge transfer from In to CuPc and were able to determine the 
lattice sites where In ions are located. The reaction between In and CuPc leads to the 
formation of occupied electronic levels in the energy gap of CuPc. 
The intercalation of CuPc with In is completed when a stoichiometry of In2CuPc 
is reached. Upon further indium deposition (stage two of the In/CuPc interface 
formation) a metallic In film on the top of the In2CuPc film is formed. 
 
 
 8. Nonreactive “metal-on organic” interface: Sn and Ag on CuPc
 
 105
8. Nonreactive “metal-on-organic” interface: Sn and Ag on 
CuPc 
 
8.1. Introduction     
 
In chapter 7 we discussed the importance of metal-OMTF contacts in general 
and of the fact that the metal-OMTF interface formation carried out in UHV becomes a 
principal base for organic nano-device technologies. In addition in the previous chapter 
we have shown that the results of our investigation of In/CuPc system reveal clearly 2 
stages of interface formation. At the first stage of indium deposition onto CuPc, the 
indium atoms diffuse into the CuPc film and react with the CuPc molecules. We find 
clear evidence of a charge transfer from In to CuPc and were able to determine the 
lattice sites where In ions are located. The reaction between In and CuPc leads to the 
formation of occupied electronic levels in the energy gap of CuPc. The intercalation of 
CuPc with In is prohibited when a stoichiometry of In2CuPc is reached. Only upon 
further indium deposition (stage two of the In/CuPc interface formation) a metallic In 
film on the top of the In2CuPc film is formed.  
In the present chapter interface formation between CuPc thin films and Sn and 
Ag deposited on them has been studied by means of high-resolution photoelectron 
spectroscopy of the valence-band and core-level region using synchrotron radiation. We 
have focused on changes of the electronic structure of copper phthalocyanine films 
upon metal deposition and on interactions during this process.  
Silver and tin have been chosen as an example of the metals with relatively high 
electronegativity, which is almost equal to the one of copper and lower as that of Au. 
Thereby we have expected to find low reactivity and sharp interface between these 
metals and CuPc - films. 
 
8.2. Experimental details    
 
Sn deposition and the soft X-ray photoelectron spectroscopy measurements of 
the Sn/CuPc system were performed using the UHV electron spectrometer at the 
Russian-German high energy resolution dipole beamline [77] of the Berliner 
synchrotron BESSY (see section 3.2). The Ag deposition and PE measurements of 
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Ag/CuPc system were performed in the UHV electron spectrometer at the high energy 
resolution dipole beamline BEAR [78] of synchrotron ELETTRA (see section 3.3). 
As a substrate for CuPc deposition, we used the (100) surface of a gold single 
crystal. Sn and Ag were evaporated from a resistively heated tungsten filament onto the 
CuPc films without detectable pressure increase during deposition. Following each step 
of metal deposition, PE measurements were carried out with photon energies of 110 eV 
for the valence band, Sn 4d core level, 600 eV for Sn (Ag) 3d, C 1s and N 1s core 
levels, and 1100 eV for Cu 2p core level.  
Other experimental details, concerning the UHV electron spectrometers, 
Au(100) substrate preparation with following verification of surface reconstruction and 
cleanness, CuPc film deposition on the gold substrate, its characterization including 
evaluation of the organic film thickness, fitting of core-level PE spectra etc. were 
described in chapters 4 and 7.  
 
8.3. Sn/CuPc: Experiment and discussions 
 
Figs. 8.1 - 8.4 present the CuPc C 1s core-level, the extended valence-band, the 
top of the valence band and the Sn 4d core-level spectra as a function of Sn coverage of 
a 70-Å thick CuPc film.  
The bottom spectra in Figs. 8.1 - 8.3 show the C 1s core level, the extended VB, 
and the top of the VB recorded from a CuPc film as grown on the Au(100) substrate. A 
comparison of the spectra: (i) the VB spectra (Figs. 8.2 and 8.3, bottom) taken from the 
clean organic film and (ii) the spectrum recorded from the clean Au(100) just before 
CuPc film deposition [see e.g. Fig 7.11(a), bottom] testifies that no valence-band 
features of the gold substrate are visible in the VB spectrum of the pristine CuPc film, 
thus confirming that the organic film spectra are representative of CuPc.  
We have processed the bottom spectra in Figs. 8.1 - 8.3 following the same 
treatment as it was done in section 7.3.1: The fitting of the C 1s core-level spectrum of 
pristine CuPc, analyses of VB spectra etc. As a result we have concluded that this 
pristine CuPc film reveals the same high quality, which was shown in measurements of 
CuPc film, prepared for K/CuPc studies (see chapter 6). 
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Fig. 8.1. C 1s core-level photoemission spectra as a function of Sn deposition on 
CuPc films at RT. 
 
 
 
Fig. 8.2. Extended valence-band photoemission spectra as a function of Sn 
deposition on CuPc films at RT. 
 
First, we discuss the evolution of the C 1s core-level data upon Sn deposition. 
The spectra have been normalized to their maximum intensity in order to emphasize 
lineshape changes. The shape of the core-level spectra reveals weak changes with 
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increasing Sn coverage, which indicates that neither pyrolle nor benzene-ring carbon 
atoms show remarkable chemical interaction with the deposited metal. However, a 0.69 
eV shift to lower binding energy is observed.  
Analyses of VB spectra evolution (Figs. 8.2 and 8.3) give us no evidences for 
chemical reaction between Sn and CuPc. We have found only small VB shift of about 
0.26 eV to higher binding energy, which was observed for small Sn coverages. Besides 
this no other changes were observe in the VB data with increasing nominal Sn 
coverage. This is very different to other systems: K/CuPc and In/CuPc, described above 
in chapters 6 and 7. Indeed for the K/CuPc interface one new strong electronic state 
appeared in the energy gap of CuPc, while for the In/CuPc system – up to 3 new 
electronic states are observed.  
 
 
 
Fig. 8.3. Top of the valence-band photoemission spectra as a function of Sn 
deposition on CuPc films at RT. 
 
Thus one can conclude that most probably during deposition of Sn atoms onto 
CuPc film these metal atoms do not diffuse into the organic film and do not react with 
CuPc. Probably there is only a kind of weak interfacial interaction between Sn clusters 
or thin metallic film, forming on the outer surface of CuPc film, and the surface of the 
organic film.  
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 This conclusion is further supported by the evolution of the Sn core levels. At 
low Sn deposition a very weak component of the Sn 4d core level (Fig. 8.4) appears in 
the spectra being shifted by 1.4 eV to higher BE with respect to the signal of metallic 
Sn. This component is much weaker in intensity as compared to the intensity of the Sn 
4d component corresponding to metallic Sn. Such a lineshape is clearly seen for very 
low nominal Sn coverage of about 3 Å. This Sn 4d core-level behavior signifies that Sn 
atoms beginning from very low coverages do not diffuse into CuPc film. On the 
contrary, they form metallic clusters and probably a thin metallic film on the top of 
organic film, resulting in an abrupt interface. 
 
 
 
Fig. 8.4. Sn 4d core-level photoemission spectra as a function of Sn deposition on 
CuPc films at RT. 
 
In Fig. 8.5 we present the Sn 3d core-level spectra recorded at a photon energy of 
600 eV as a function of Sn deposition on the 70 Å thick CuPc film. Both the lineshape 
and the energy positions corroborate what has been obtained above for the Sn 4d levels 
and thus support our conclusions.  
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Fig.  8.5. Photoemission from Sn 3d core levels as a function of Sn deposition on 
CuPc films at RT. 
 
Summarizing the discussion presented so far we emphasize that the evolution of 
the VB, Sn 4d and 3d, and C1s core-level spectra upon Sn deposition observed above 
indicate that tin atoms do not diffuse into the CuPc film, but form metallic clusters 
and/or thin metallic overlayer resulting in sharp metal-organic film interface. 
In order to get deeper insight of Sn-CuPc interaction we consider now Fig. 8.6, 
where the variations of the N 1s core-level spectra upon Sn deposition are shown. The 
data have been normalized in order to analyze changes in the lineshape. 
 
 
 
Fig. 8.6. Normalized photoemission from the N 1s core level as a function of Sn 
deposition on CuPc films at RT. 
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The N 1s core level spectrum of pristine CuPc is shown in the bottom of Fig. 
8.6. The spectrum suggests only one N 1s component. We have discussed already 
above, that CuPc molecule has two inequivalent nitrogen sites: 4 nitrogen atoms are 
bound to the central Cu (bridging aza nitrogen), while the other 4 nitrogen atoms are 
linked to pyrolle carbon (pyrolle nitrogen). Nevertheless, in pristine CuPc the same or a 
very similar N 1s binding energy characterizes these two inequivalent nitrogen sites. 
With Sn deposition the N 1s peak only slightly broadens for small coverages up to 10-
16 Å, therefore elastic scattering in the thick tin overlayer of the electrons excited in the 
organic layer leads to broadening of N 1s core-level spectra at the last coverages. 
 
8.4. Ag/CuPc: Experiment and discussions 
 
Ag is characterized by significantly lower chemical reactivity with CuPc thin film 
than, for example K and In. Fig. 8.7 shows the top of the valence bands of pristine 
CuPc (bottom curves) and changes of the spectra with the silver deposition. One can 
clearly see that the shape of the HOMO peak almost does not change. Furthermore, 
unlike for reactive K and In, the HOMO peaks are present till maximum coverage of 
Ag studied in the present work. One of the most important observations, which we 
would like to stress here, is that no formation of any gap states during development of 
the Ag/CuPc interface (see region between the EF and HOMO onset) has been 
observed. Thus from this type of measurements we can conclude, that the Ag/CuPc 
interfaces are nonreactive and abrupt.  
Now we discuss the results of investigations of the core level behavior upon Ag 
deposition. Fig. 8.8 demonstrates, that from the first stage of the silver deposition onto 
the CuPc film, Ag 3d core-level emission appears at the energy of metallic silver and 
exhibits a narrow spin-orbit split doublet. A tiny peak, which by close examination 
could be seen in an Ag 3d spectrum taken at coverage of 32 Å, is probably a metallic 
film plasmon loss of energy ≈ 4 eV. No indication of presence of other Ag 3d core-
level components was observed. Thus this investigation confirms previous conclusion, 
that the Ag/CuPc interface is rather unreactive and abrupt. As was found for tin 
deposition onto CuPc film (section 8.3), the Sn 4d core level shows essentially the same 
behavior as the Ag 3d one. The only difference one could observe is a weak reactive 
component at about 0.9 eV higher BE’s relative to the Sn 4d3/2 signal. In contrast to In 
4d, the Sn 4d metallic component is much higher in the beginning from the very low 
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coverages as compared to the reactive one. Upon deposition the metallic component 
grows very fast, while the reactive component does not increase its intensity. Most 
probably this small reactive component is a result of weak interaction between the 
OMTF and the Sn metallic film at the sharp interface. Such character of interfacial 
interaction can be concluded from a broad shape of the Sn 4d core-level reactive 
component, where spin-orbit splitting cannot directly be resolved. This can attentively 
be assigned to formation of multiple interfacial chemical states.  
 
Fig. 8.7. Top of the valence band spectra as a function of Ag deposition on 
CuPc film at RT. 
 
 
Fig. 8.8. Ag 3d core-level spectra as a function of silver deposition on CuPc film 
at RT. 
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Additionally in Fig. 8.9 we present the C 1s core-level behavior as a function of 
Ag deposition. Unlike for reactive K and In, one observes only decreasing of the C1s 
core-level, which basically keeps shape with Ag deposition. The later confirms the 
suggestion that Ag atoms do not diffuse into CuPc film and do not react chemically 
with substrate atoms. 
 
 
 
Fig. 8.9. C 1s core level as a function of Ag deposition on CuPc film at RT. 
 
As we know the only few investigations concerning to tin and silver deposition onto 
organic semiconductors were published [20, 159, 160, 161] so far. In [20] the room 
temperature deposition of In, Al, Ti, Sn, Ag and Au onto PTCDA was studied. The 
noble metals Ag and Au form with PTCDA abrupt, unreacted interfaces. Moreover, 
authors [159] studying Ag deposition on a PTCDA film of 20 nm thickness by means of 
NEXAFS have illustrated the formation of a chemically unreactive Ag/PTCDA 
interface. These both results are similar to ones of Ag/CuPc interface formation 
observed in our investigation and described in present section.  In, Al, Ti, and Sn show 
diffusion into PTCDA film and react with the oxygen containing anhydride group of the 
PTCDA molecule, producing heavily oxidized interface metal species and interfacial 
layers with a density of states in the PTCDA band gap.  It was found that In is followed 
by Al, Ti, and Sn in decreasing order of diffusivity into PTCDA and reactivity with 
anhydride group. The reaction degree is consistent with a degree of affinity for oxygen. 
Among the In, Al, Ti and Sn, last one has lowest value of heat of metal oxide formation 
and stays essentially apart. Thus on can conclude that in this investigation Sn shows 
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intermediate behavior between metals, which show high reactivity and diffusivity (In, 
Al, Ti) and metals, which display no reactivity and no diffusivity into PTCDA (Ag and 
Au). In contrast as compare to Sn/PTCDA, for   Sn/CuPc interface formation we 
observed only weak reactivity at interface and practically no diffusion. This behaviour 
could be explained by the fact that CuPc molecule in contrast to PTCDA does not have 
any reactive pieces like oxygen containing anhydride group of PTCDA.   
In [159, 161] upon silver deposition onto layers of two phthalocyanines (CuPc 
and H2Pc) the two very distinct behaviors already during the initial stage of silver 
deposition were observed. While in the CuPc case no shift occurs in the energy levels, 
the H2Pc highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO) are shifting simultaneously by 0.3 eV, i.e., the HOMO shifts away 
from the Fermi level while LUMO shifts towards the Fermi level. As the silver quantity 
increases the HOMO levels of both Pcs are shifting towards the Fermi level. Shifts in 
HOMO and LUMO energy positions as well as changes in line shapes are discussed in 
terms of charge-transfer and chemical reactions at the interfaces. The authors deduced 
that a charge-transfer from Ag to CuPc occurs at the Ag/CuPc interface for thicker Ag 
layers but there is no sign of chemical interaction, in other words Ag is physisorbed on 
the surface of CuPc. This conclusion perfectly supports the results of our investigation 
of the same Ag/CuPc system, but by means of different technique.  
On the contrary to CuPc, the authors [159, 161] have concluded that the 
Ag/H2Pc interface formation cannot be described only in terms of physisorption. 
Additional mechanisms are present at the very first deposition step that point to a 
considerable stronger interaction between the Ag atoms and H2Pc molecules, i.e., the 
formation of a charge-transfer complex. When the Ag thickness exceeds 3.2 nm the 
direction of the transfer is reversed and similar to that of CuPc. 
 
 
 
 
 
 
. 
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8.5.  Conclusions 
 
The results presented above suggest that Sn and Ag atoms deposited on CuPc 
film do not diffuse into the organic film forming metallic clusters and/or thin metallic 
overlayers. This leads to sharp metal-organic film interface, in contrast to the indium 
deposition. The presented experimental results also give evidence for absence of 
noticeable chemical reaction of Sn and Ag with CuPc thin film. The schematic 
presentation of energy level alignment, obtained from our studies of Ag/CuPc interface 
formation is summarized in Fig. 8.10 (see also [160]).  
 
 
 
Fig. 8.10. Schematic representation of the energy levels derived from our 
experiments upon silver deposition onto a CuPc film grown on Au(100). (a) and 
(b) present two stages of Ag/CuPc interface formation. 
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Summary  
 
 
In this work systematic studies of the organic semiconductor CuPc have been 
presented. In general the investigation can be devided in three parts. In the first one we 
have studied the electronic structure of clean CuPc thin film. The next two parts are 
devoted to organic-organic and metal–organic interface formation, where one of the 
interface components is CuPc thin film. The main results of this thesis are:  
 
- The electronic structure of the pristine organic semiconductor CuPc (valence band 
and empty states) has been obtained by a combination of conventional and resonant 
photoemission, near-edge X-ray absorption, as well as by theoretical ab initio quantum-
chemical calculations. A qualitative assignment of different VB structures has been 
given, or in other words the contributions of different atomic species as well as sites of 
the CuPc molecule to the electronic DOS has been established. In particular, it was 
shown, that the HOMO is mainly comprised of the spectral weights from the orbitals of 
carbon pyrolle atoms. Additional contributions to the HOMO stems from the benzene 
atoms. A combined experimental and theoretical study of the unoccupied electronic 
density of states of CuPc was presented. Our study allows identifying the contributions 
from different parts of the molecule to the unoccupied DOS and the measured spectra, 
which lays grounds for future studies of the evolution of the CuPc electronic states upon 
e.g. functionalization or doping. Application of similar studies to other organic 
semiconductors will also provide significant insight into their unoccupied electronic 
states.  
 
- The electronic properties of the organic heterointerfaces between fullerite and 
pristine copper phthalocyanine were studied. Both interfaces, CuPc/C60 and C60/CuPc, 
were found to be non-reactive with pronounced shifts of the vacuum level pointing to the 
formation of an interfacial dipole mainly at the CuPc side of the heterojunctions. The 
dipole values are close to the difference of the work functions of the two materials. 
Important interface parameters and hole-injection barriers were obtained. The sequence 
of deposition does not influence the electronic properties of the interfaces. 
 
Summary  
 
 
 117
- CuPc doped with potassium was studied by means of photoemission and 
photoabsorption spectroscopy. A detailed analysis of the core-level PE spectra allows 
one to propose possible lattice sites, which harbor the potassium ions. Contrasting to a 
few results reported in the literature, the films prepared in this thesis showed no finite 
electronic density of states at the Fermi level.  
 
- Two stages of the In/CuPc interface formation have been distinguished. The 
low-coverage stage is characterized by a strong diffusion of the In atoms into the organic 
film. Metal ions occupy sites close to the pyrolle nitrogen and strongly interact with 
molecules transferring negative charge to CuPc. Indium diffusion into the organic films 
saturates at a stoichiometry of In2CuPc. Subsequently, in the second stage the formation 
of a metallic indium film occurs on the top of the In2CuPc film. 
 
- Upon deposition on CuPc film Sn and Ag atoms do not diffuse into the organic 
film forming metallic clusters and/or thin metallic overlayer. Sharp metal-organic film 
interface is formed, in contrast to indium and potassium deposition. Presented 
experimental results also give evidence for absence of noticeable chemical reaction of 
Sn and Ag with CuPc thin film. 
 
- The systematic investigation of interface formation between CuPc thin film and 
various metals gives us the possibility to summarize all results into a table, 
demonstrating similarities and differences for all systems studied (see Table1). 
 
- In this thesis, results of a series of photoemission and photoabsorption 
experiments on different organic semiconductor interfaces are presented addressing the 
understanding of fundamental issues of the underlying physics of many commercially 
fabricated, rather successful products based on organic semiconductors, because both 
technological and scientific key aspects of these novel materials are of high importance 
for “Plastic Electronic” technology. 
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Property Potassium 
(K) 
Indium 
(In) 
Tin 
(Sn) 
Silver 
(Ag) 
diffusion into  
CuPc film strong strong not seen    not seen    
metallic film formation  
on  top of CuPc 
 
no 
 
yes 
 
yes 
 
yes 
electronic states 
in the gap  one three zero zero 
chemical reaction with 
CuPc molecules very strong strong not seen not seen 
 
Tab. 1. Properties of metal/organic interfaces:  K(In, Sn, Ag)/CuPc.  
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